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CHAPTER 1 INTRODUCTION
1.1 Cell plasma membrane functions
Live-cell plasma membranes are two-dimensional fluid that contains thousands of
highly organized carbohydrates, proteins, and lipids. The plasma membrane has four
important functions: physical barrier, selective permeability, endocytosis/ exocytosis, and
cell signaling. During the endocytosis process, the shape of the membrane curves and takes
large quantities of molecules from the extracellular fluid into the cytoplasm. Based on the
pathways, endocytosis has been subdivided into five categories (Fig. 1-1).

Figure 1-1: The schematic diagrams of different types of endocytosis. Large particles
(>1 μm) can be internalized through a) Phagocytosis and b) Macropinocytosis. Nanoparticles
are internalized via c) Caveolar-mediated, d) Clathrin-mediated endocytosis, or e) Clathrinindependent and Caveolar-independent endocytosis. The nanoparticle internalization size
varies based on each type of endocytosis, but all in the 100 nm length scale. (1)

The Clathrin-dependent and Caveolar-dependent (receptor-dependent) endocytosis
are well-understood, protein-driven processes. Instead of protein-dependent, the other
types of endocytosis are regulated by lipids. For example, receptor-independent endocytosis
relied on cholesterol and microdomains of ordered lipid phases (2). Membrane curvature
(MC) is tightly regulated via the dynamics and sorting of membrane components (3–6). The
receptor-independent endocytosis initiation mechanism is yet unknown, which is limiting
the advanced therapeutic treatments to diverse diseases.
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Lipid sorting regulates MC and induces co-existing sub-micron sized domains with
varying lipid phases in the plasma membrane (7, 8). These domains are thought to be critical
for many cell functions such as protein sorting, cell signaling, membrane budding, and
retrovirus replication (9–12).
For a better understanding of single lipids behavior and the co-existing liquid phases
relative to MC, model membranes are used to precisely control the membrane composition
with biophysical observables (13–17).
1.2 Lipids and model membrane shapes and structure
There are three main types of lipids: Phospholipids, Glycolipids, and sterols.
Phospholipids are the most abundant lipids in all biological membranes. Phospholipids
contain one or more fatty acids tails with hydrophobic property and phosphate-containing
hydrophilic head group. Within an aqueous environment, phospholipids self–assemble into
lipid bilayer or micelle. Phospholipids have a variety of sizes and shapes depending on its
tail length, number of tails, number of double carbon-bounds in the tail, and the head group
sizes. Packing parameter (P) for lipids predicts the self-assembled structure based on lipid
properties such as hydrophobic volume (V), optimal cross-sectional area (ao), and the
hydrophobic chain length (lc) (18, 19) (Eq.1-1).
𝑉

𝑃 = 𝑎 𝑙𝑐
𝑜

(Equation 1-1)

An overview of lipids with varies packing parameter and their self-assembled
structures are shown by Stuart and Boekema (Fig. 1-2) (18) and redrawn after Israelachvili
(19).
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Figure 1-2: Lipid packing parameter determines the shape of the self-assembled
structure.
A double carbon-bound in the tail of a phospholipid changes the lipid’s packing
parameter and sorting in lipid bilayers. The lipids with double carbon-bounds in tails are
unsaturated lipids, otherwise saturated lipids. Each double carbon-bound creates a ‘kink’ on
the tail, which prohibited lipids packing as tightly as saturated lipids and leading to a lower
bending rigidity (20–22) and lower melting temperature compare to saturated lipids.
When the membrane consists of unsaturated lipids, saturated lipids, and sterols,
more than one phase could present. A ternary phase diagram consisted of the three lipid
types described above presents the status of phase separation for all composition ratios.
Depending on the composition ratio, the ternary mixtures present a single fluid phase or
phase separate up to three phases, including a liquid-disordered phase (Ld), liquid-ordered
phase (Lo), and solid phase (So). The most relevant to physiological phase-separation are coexisting liquid phases. The saturated lipids are Lo preferring, the unsaturated lipids or lipids
with less than 14 carbon tails are Ld preferring, and the most commonly used sterol in model

4
membranes is cholesterol. All composition ratio in the co-existed liquid phase region can be
described by the composition of the Ld phase and Lo phase based on the ternary diagram tie
line. All compositions on the same tie line contains same Ld and Lo components as the two
ends of the tie line with different domain area ratio. An example of a ternary diagram (Fig.
1-3).

Figure 1-3: Suggested phase diagram for SDPC, BSM, and cholesterol at 23 °C. (23)

Because lipids with saturated and unsaturated tails prefer different domains, the Lo
domain is frequently 0.1 - 0.8 nm ticker than the Ld domain depending on the compositional
difference between phases (24–27). These domains vanish and lipids mix when
temperatures above the miscibility transition temperature (Tm). When the membrane
temperature drops below Tm, the phase separation reforms.
The interplay between curvature and phase separation has been studied extensively
on the micron scale. Phase-separated GUVs has shown curvature based on phase separation
rather than spherical shape (15, 20) (Fig. 1-5). The difference in bending rigidity and line
tension is leading domains curve in different radius in different phases.
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Figure 1-5: Phase-separated GUVs with curvature depending on the phase separation.
(a)1:2 DOPC/DPPC + 35% cholesterol. (b) 1:1 DOPC/DMPC + 30% cholesterol
All scale bars are 20 μm. Figure adapted from (15)
Curvature can also induce phase separation. When a phase-separated bilayer
formed on a molded substrate with < 200 nm radius hemispheres embedded, the curvature
location shows a high concentration of Ld preferring fluorescent lipids even if the curvature
is surrounded by Lo domain (28–30). This evidence confirmed that Ld-preferring lipids sort
to curvature; however, the detailed partition amount has not been quantified. Moreover,
membrane dynamics have not been studied.
Not only lipid compositions and temperature can be manipulated for a model
membrane, but also the membrane structures. When the packing parameter is closer to 1,
the formation of bilayer structures depends on the making procedure. For example, lipids in
the aqueous buffer being sonicated are likely to produce multilamellar vesicles (MLVs) and
small unilamellar vesicles (SUVs) with a typical radius between 10-100 nm; however, if
external electric field applied on the buffer, one can acquire giant unilamellar vesicles (GUVs)
with radius larger than a micron. Schematics of vesicular bilayers are shown below (Fig.14).
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Figure 1-4: Lipid bilayer and its variety of vesicle forms. (31)
Another common model membrane is flat and supported by substrates, supported
lipid bilayers (SLBs) are less mobile and optical friendly for imaging. SLBs can be acquired
through vesicle fusion on the substrate, or Langmuir–Blodgett technique.
1.3 Lipid diffusion
The membrane function and structure can be governed through lipid lateral diffusion.
Therefor inspect and analyze the lipids diffusion is meaningful for membrane studies.
Theoretically, lipids diffusion in Brownian motion in planar membranes with a single
fluid phase and not external forces. According to Stoke—Einstein equation, the diffusion
coefficient (D) of the Brownian diffuser is related to surrounding viscosity (η), radius
assuming spherical (a), and temperature (T) (Eq. 1-2).
𝑘 𝑇

𝐵
𝐷 = 4𝜋𝜂𝑎

(Equation 1-2)

This equation has been challenged by Saffman & Delbrück for particles in membrane
Brownian diffusion because of its highly anisotropic environment (32). Instead of assuming
diffusers are spherical, Saffman—Delbrück model (SD) assumed the diffusers were
cylindrical, and both the membrane and surrounding buffer viscosity were considered. The
SD equation is suitable to cylinder radii 0.3 – 5 μm in size, broadly considered in membrane-
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embedded protein, oligomer, and microdomain diffusion studies (33). This model has been
extended and improved by Hughes, Pailthorpe, and White (34) along with Petrov and
Schwille (35) for larger domains and protein sizes. We are only observing lipids diffusion
here with the radii approximately 0.5 nm, which fits well to Stoke–Einstein Equation (36).
One of the most common ways to acquire membrane diffusion is single-particle
tracking (SPT), microscopy that video records and tracks motion of single fluorescently
labeled lipids diffusing in the membrane. Typically, each molecule’s localization is resolved
with spatial resolution about 20 nm and temporal resolution of 10 ms. Each molecular
localizations as a sequence of events is computationally resolved. Theoretically, mean square
displacement (MSD) as a function of time carries the information of Dtheo for Brownian
diffusion (Eq. 1-3).
𝑀𝑆𝐷(𝛥𝑡) = 4𝐷𝑡ℎ𝑒𝑜 𝛥𝑡

(Equation 1-3)

However, the experimental results carry localization uncertainty (𝜎𝑟 ) and image blur
effect from capture a mobile particle with exposure time (texp) and time between frames (Δt).
A corrected diffusion calculation for experimental result Dexp incorporates all the factors (Eq.
1-4) (37–40).
𝐷𝑒𝑥𝑝 =

𝐷𝑡ℎ𝑒𝑜 −

𝜎2
2𝛥𝑡

(Equation 1-4)

1−2𝑅

Another way to calculate D by SPT is the fit the single step length (ν) histogram to a
Rayleigh distribution (41–43).
𝑃(ν) =

ν
2𝐷𝑓𝑖𝑡 Δt

𝑒

−

ν2
4𝐷𝑓𝑖𝑡 Δt

(Equation 1-5)
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The same image blur and localization uncertainty correction was applied to the fitting
result, for diffusion in xy-projection (Dxy) result (Eq. 1-6).
2

𝐷𝑥𝑦 (𝑟) =

𝜎
𝐷𝑓𝑖𝑡 (𝑟)− 𝑟

2𝛥𝑡
𝑡𝑒𝑥𝑝
1−
3𝛥𝑡

(Equation 1-6)

The exposure time (texp) and time between frames (Δt) are used for image blur
correction. In planar bilayer, Dxy is the diffusion coefficient of lipids in bilayer; however,
when lipids are diffusing in MC, the third-dimension diffusion is not present in the video, Dxy
only carries partial information about the diffusion.
As equation 4 described, the Brownian diffusion shows a linear line in the MSD vs. Δt
graph. Other modes of diffusion in the MSD(Δt) function (Fig. 1-5) can be fitted to anomalous
diffusion (Eq. 1-7).
𝑀𝑆𝐷 = 4𝐷𝛥𝑡 𝛼

(Equation 1-7)

α is the anomalous fitting parameter.

Figure 1-5: MSD as a function of time between two locations. The super-diffusion describes
particle diffusion with the extra flow with α larger than 1. Sub-diffusion is frequently observed
in cell membranes that happens when diffusion is confined, such as lipid diffuse in
microdomain or meshwork, with α smaller than 1. α for Brownian motion equals to 1. (44,
45)
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Rayleigh distribution can also detect sub-diffusion by fitting multiple distributions
into single-step histograms at ones resulting in more than one population diffusers and their
population sizes (41, 46).
Besides SPT, there are two other techniques to acquire D in the membrane –
fluorescence recovery after photobleaching (FRAP) and fluorescence correlation
spectroscopy (FCS). FRAP bleach a fraction of fluorescently labeled membrane and acquire
movies to watch the recovery rate. The recovery rate pair with the bleached area carries the
diffusion information. FRAP setup is simple, and it is easy to operate with low computational
power compare to SPT. However, FRAP result is averaged over a couple of micron size, which
is not sensitive to local pinning or describe more than one population diffusers.
Like SPT, FCS is also based on a single-molecule movement. A laser beam with radial
width (ωxy) 200 ~ 300 nm focused on the sample. As fluorescent particles diffuse through
the beam waist, the intensity of emission was recorded as a function of time. As time pass,
the change in intensity can be described by the autocorrelation function 𝑔(𝑡) (Eq.1-8), and
the characteristic residence time (τ) can be found in fitted autocorrelation function, 𝑔𝑓𝑖𝑡 (t)
(Eq. 1-9).
2

𝑔(𝑡) =

𝐹𝐹𝑇 −1 (|𝐹𝐹𝑇(𝐼(𝑡))| )
<𝐼(𝑡)>2

𝑔𝑓𝑖𝑡 (𝑡) =

𝑔(0)
𝑡
𝑡
(1+ )√(1+ 2 )
𝜏
𝑎 𝜏

(Equation 1-8)
(Equation 1-9)

a is the beam waist ratio of axial to radial. The diffusion coefficient is an inverse
relationship with τ (Eq. 1-10).
𝐷=

2
𝜔𝑥𝑦

4𝜏

(Equation 1-10)
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Faster diffusers have more chances to diffuse cross the observation spot while
fluorophore is exited, therefor FCS is likely to report a signal from faster diffusers.
Nevertheless, FCS reports two population diffusor by fitting two auto-correlation functions,
when the ratio of two diffusions is less than 10, the two population is not differentiable (47).
1.4 Polarized localization microscopy
Kelly lab self-developed polarized localization microscopy (PLM) based on singlemolecule localization microscopy (SMLM) and polarized total internal reflection
fluorescence microscopy (TIRFM). SMLM used the characteristic of fluorophore blinking
phenomenon and applied high excitation laser intensity (> 15 mW) to manipulate single
fluorophore on at a time. The isolated fluorophore emission was acquired with highfrequency video (> 50 Hz). Each Airy emission spot is fit to a 2D Gaussian to find its precise
localization. Localizations throughout the video can accumulate into one frame as a superresolved image and mark the sequence of time for SPT. The polarized TIRFM excites the
indocarbocyanine dyes (i.e., DiO, DiI, DiD) only when the transition dipole is parallel to the
polarized light. Consequently, p-polarized light emphasizes the vertical membrane relative
to the cover glass, and s-polarized light emphasizes the planar bilayer. The difference in P
and S polarized localizations acquired via PLM indicate the MC location and size. PLM is used
for all DiI stained membranes throughout this thesis; otherwise, SMLM was used instead.
1.5 An overview
All my Ph.D. research is based on an overarching hypothesis, which stated that the
nanomechanical properties of lipids providing a driving force for molecular sorting, phase
separation, and bilayer fusion/fission, yet the membrane topography changes lipids’
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nanomechanical properties. Correlations between lipid sorting, MC, and phase separation
has been observed(48, 49); however, whether they are causally related has not been proved.
The purpose of my Ph.D. is to step forward into the understanding of the interplay
between lipids, curvature, and phase separation; inspire the discovery of mechanisms for
receptor-independent endocytosis. This knowledge will hopefully advance biomedical,
mechanical, even chemical applications such as biosensors, biofuel production, drug delivery,
3D bio-printing, pathology, artificial protocell systems, and nanoliter droplet chemistry, each
of which depends on nanoscale bilayers of high curvature (50).
The following Chapters 2 – 5 include the motivation and conclusions of Manuscripts
I-IV, respectively. All following chapters have been or will be in peer-reviewed publications.
Chapter 2 focused on computationally exploring the limitations of fluorescence techniques,
aiming to test their abilities to detect nanoscale membrane buds. A membrane bud
topography was generated, and the algorithm of a random walker on the topography with
curvature dependent diffusion was developed and used throughout MC research. Chapter 3
explores the sensitivity of membrane lipids that vary in shape, size, and fluorophore location
on lipid relative to nanoscale MC. The fluorophore locations on lipids had more effect on
diffusion at MC than other properties of the lipid or surrounding lipids for a single fluid phase
membrane. We analyzed lipid dynamic and sorting for phase-separated membrane in
Chapters 4 and 5. We discovered the aggregation in a sub-diffraction limited scale in both
phases. In Chapter 4, we introduce the method for aggregate removal prior to SPT and
pairing our results with prior literature. With the knowledge of diffusion in phase-separated
planar bilayer gathered in Chapter 4, we introduced nanoscale MC on phase-separated
membranes in Chapter 5, revealing the interplay between membrane sorting and MC.
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For a detailed method section, please refer to Appendixes, where all manuscripts are
attached.
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CHAPTER 2 FLUORESCENCE TECHNIQUES CAPABILITIES OF DETECT MOBILITY AT
NANOSCALE MC
2.1 Motivation and background
The importance of expanding the knowledge in the interplay between single-lipid
behavior and phase separation at nanoscale MC is described in Chapter 1. However, there
were a few challenges in the experimental setup for creating and detecting MC. In the past
decade, the advanced nanoengineering/nanofabrication techniques have made engineered
MC with a tenth of nanometer radius possible. Moreover, the super-resolution microscopy
lowered the resolution from diffraction-limited 200 nm to super-resolved 20 nm. This
chapter is focused on computationally exploring the capability of fluorescence techniques
for revealing membrane dynamics at nanoscale membrane buds in future projects.
Membrane topography with varying bud height was generated to mimic a 50 nm
radius vesicle attached to the planar membrane with the varying stage of membrane budding
(Fig. 2-1). The random walk was generated on each topography and FRAP, FCS, and SPT
results were simulated according to experimental setups. Results demonstrated the abilities
of each technique on differentiating nanoscale membrane buds from planar bilayer. The
diffusion coefficient of random walkers on the planar membrane (Dplane) was set to be 1
μm2/s and above the planar membrane (Dbud) was set to be 1, 0.1, and 0.04 μm2/s.
The topography with 100 nm hbud was used for all Monte Carlo simulations assisting
curvature diffusion analyze for the following chapters when 50 nm radius NP was applied
on substrates for creating nanoscale MC.
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Figure 2-1: All simulated topographies have three parts: a full/partial 50 nm radius vesicle, a
planar membrane, and a bud neck area that connects them smoothly with no less than 20 nm
radius of curvature. (A) The cross-section of the topographies with all different height of
membrane bud (hbud). (B) Increasing bud height result in the total membrane area within 250
nm of the bud center increases a factor of two. When hbud is larger than 137 nm, the vesicle is
considered independent and no longer contribute to the simulation. (C) the random walkers
are generated on simulated topography with hbud = 120 nm. Each color represents a
trajectory.

2.2 Major finding: MC detection by FRAP, FCS, and SPT
FRAP simulation showed no difference in the recovery rate for all systems. In other
words, FRAP could not differentiate membrane buds with varying height. FRAP is the
simplest technique upon the three. It offers an averaged D over the observation area,
typically in micron size. The simulation showed that no difference was observed with hbud
ranging from 0 – 120 nm. It is not suitable for detecting nanoscale membrane buds.
On the contrary, FCS has a much smaller observation window. The correlation
function by FCS is suitable for detecting minor changes in lipid mobility. FCS can detect lipid
dwell time by curvature effect with diffraction-limited illumination and imprecise centering
of the observation spot over membrane bud. The presents of membrane bud can be resolved
by FCS with or without lipid slowing. In summary, the FCS ability to detect bud depends on
Dbud, hbud, and bud location relative to the observation spot.
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For SPT, every step ν from trajectories can be localized by the two points average x
and y position. All ν were binned in two-dimension based on its location. Rayleigh
distribution was applied for each bin and acquired the corresponding Dxy with image blur
and uncertainty correction.

Figure 2-2: Dxy by SPT mapped over the sample. Hbud = 100 nm, σ = 15 nm, Dflat = 1 μm2/s, and
Δt = 2 ms. (A) Dbud = 1 μm2/s; (B) Dbud = 0.1 μm2/s;(C) Dbud = 0.4 μm2/s.
Since the generated topography has even viscosity and consistent lipid mobility, the
slowing showed in Dxy map (Fig. 2-2 A) is caused by membrane topography change. The
ability to describe the amount of slowing caused by membrane topography is helpful for
experimental results where the only xy – plane can be observed. With known Dflat and range
of Dflat/Dbud ratio, one can find the best simulation fit to experimental data for the ratio free
of curvature effect.
Overall, SPT provided sub-diffraction limited spatial resolution and able to resolve
nanoscale MC. Whereas FCS may detect MC with hbud > 80 nm and Dbud < 0.1Dflat. FRAP gives
an overall diffusion for the membrane, however, it is not likely to detect MC. These results
further our understanding of MC and the usage of fluorescent techniques. The result is
essential for following experiments of lipid diffusion relative to MC.
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CHAPTER 3 THE EFFECT OF MC ON SINGLE-LIPID DIFFUSION AND SORTING
3.1 Motivation and background
Nanoscale MC is critical to cell functions such as endocytosis/exocytosis, yet the lipids
behavior at MC, along with the mechanisms of the lipid sorting is not well understood.
Whether the lipid molecular shape effects lipid diffusion and distribution at MC is a
controversial topic. Some presented inherent sorting of lipids at curvature possibly
correlated to the lipid molecular shape (51–53), others think that a naive molecular shape
description is insufficient to predict the curvature- induced sorting of individual lipids (59).
Nevertheless, a significant slowing of single-lipid diffusion at MC was observed by some
scientists (54–56) but not others (57–60). Understanding the interplay between lipid and
curvature will assist further studies such as molecular sorting, phase behavior, and lipidcomposition-dependent bending rigidity (48).
We hypothesis that lipids that are not cylindrical-shaped in membrane would sort to
the curvature that is complimenting its packing parameter. For example, in a POPC bilayer,
lysoPC only has a single tail and a large headgroup that would sort to positive curvature; on
the other hand, DPPE with both tails kinked and a small headgroup would sort to negative
curvature. A fraction of these non-cylindrical lipids could potentially change the local
viscosity at MC, manipulates the diffusion coefficient through the Stoke-Einstein theorem.
Therefore NP supported lipid bilayer with a variety of lipid compositions is engineered (Fig.
3-1).
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Figure 3-1: (a) Nanoscale membrane curvature was engineered by forming supported lipid
bilayers over polystyrene nanoparticles on microscopy cover glass. Single-lipid localization
and tracking were performed with varying the fluorescent and non-fluorescent membrane
composition. (b) Non-fluorescent membrane components. Fluorescent lipids tracked include
(c) lipidated indocarbocyanine dyes, (d) head-group labeled lipids, and (e) tail-labeled lipids.

Lipid diffusion and sorting on MC with varying membrane composition, fluorophore
structure was analyzed (Figure 3-1 b-e). Nanoscale curvature was created by bursting GUVs
over polystyrene NPs of 50 and 70 nm radius and measured with super-resolution singlemolecule fluorescence localization microscopy and SPT. ν were grouped as distance away
from the center of curvature (r) and fitted to Rayleigh distribution for Dxy(r). Results were
compared to Monte Carlo simulations that reproduce the experimental data and quantified
the effects of curvature on lipid diffusion and sorting such as reporting the diffusion flat (r >
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400 nm) to curved (r< 50 nm) ratio Dflat/Dcurved. Additionally, the radial vs. azimuthal singlelipid diffusion around the membrane bud and the accumulation of lipids at the curvature site
revealed barrier-free diffusion of the lipids regardless of the membrane curvature.
3.2 Major finding: Lipid dynamic at single fluid phase MC
The diffusion as a function of r with varying NP size and fluorescent lipid location
relative to the membrane was first tested. At the MC, the 3D single-lipid trajectories were
projected on the xy-imaging plane with missing information of z-direction, result in the
experimental Dxy slowing at the MC (Figure 3-2).

Figure 3-2: Dxy (markers) and fitted Monte Carlo simulation (solid lines) were measured and
calculated for (a) DPPE-TR on both leaflets for 50 nm and 70 nm radius MC. (b) Head labeled
and tail labeled fluorescent lipids on both or top leaflet labeled.

The curvature effect on diffusion appeared to be correlated with NP size. The NPs
with radii 50 and 70 nm corresponded to the curvature-influenced diffusion radii of 78 ± 19
and 99 ± 16 nm, respectively. The diffusion also revealed a difference between fluorescent
locations in the membrane. There is a consistent slowing for lipid diffuse in both leaflets than
top-leaflet only by membrane-substrate interactions. Both fluorescent lipids showed similar
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effects suggesting that the curvature-affected diffusion was not only because of the
variations in membrane-substrate interaction on NP vs. coverslip.
Lipids diffusion relative to local viscosity change was then tested. Non-fluorescent
phospholipids with different sizes and packing parameters were used to create six different
single fluid phase bilayers. These phospholipids vary in tail length, the degree of saturation,
the number of tails, and headgroup sizes. All membrane was labeled with 0.05 mol% DPPETR and supported by 70 nm NPs. The Dflat/Dcurved ratios for all six systems were
indistinguishable, stating that the fluorescent lipids diffusion at curvature is not significantly
affected by the surrounding lipids composition.
We next tested the fluorophore locations on lipid relative to lipids diffusion at MC.
Eight different Fluorescent lipids were tested on POPC bilayer with engineered membrane
curvature supported by NPs with a 50 nm radius. The diffusion result shows that among all
fluorescent lipids, three of them are head-group labeled phospholipids diffuse fastest at
planar membrane yet slows to one-third of the diffusion at MC; three tail labeled lipids
diffuse relatively fast at planar membrane compare to artificial lipids, and they did not show
a slowing at MC; the two indocarbocyanine dyes with varying tail length also did not show a
slowing at MC as well, they diffuse the slowest at planar membrane with two population
diffusor. In summary, the fluorophore locations on lipid do affect the diffusion at MC.
Not long the diffusion as a function of r was studied, we also compared the diffusion
radial to the MC (𝐷𝑟 ) and azimuthally around the MC (𝐷𝜃 ). Lipids diffuse in Brownian motion
would not show a difference between the two. However, since the membrane curvature has
a different bending radius at the bud neck relative to the vesicular shaped head, we
suspected the fluorophores are preferring one over the other. Monte Carlo simulations
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estimated how locally Brownian diffusion would appear with a 2D projection from the 3D
membrane topology. The diffusion of DPPE-TR in the varying membrane compositions
yielded 𝐷𝑟 /𝐷𝜃 ratios that were indistinguishable from locally Brownian diffusion on the
membrane bud (Fig. 3-3). Accordingly, the difference in bending ratio at membrane
curvature did not confine or restrict lipids from Brownian diffusion.

Figure 3-3: The ratio of the radial vs. azimuthal diffusion is not significantly different than
that of Brownian diffusion on the engineered membrane curvature. DPPE-TR was tracked in
both bilayer leaflets over 70 nm NPs. The shaded purple region represents the range of
confidence for the diffusion with DOPC.

The fluorescence labeling strategy affected the curvature-dependence on lipid
diffusion more than varying the composition of the non-fluorescent surrounding lipids. The
head-group labeled lipids showed slowing and possible accumulation at curvature sites.
Tail-labeled lipids and DiI showed no significant slowing at MC. The matching experiments
and simulations over the 𝐷𝑟 /𝐷𝜃 indicates that DPPE-TR diffuse Brownian motion at the MC.
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CHAPTER 4 LIPID DYNAMICS IN PHASE-SEPARATED SLBS
4.1 Motivation and background
The previous Chapter has shown a detailed analysis of the sensitivity of lipids
properties relative to nanoscale MC. We now introduce membrane with ternary mixtures
that could phase separates into co-existing fluid phases. The compositional difference
between the two phases leads to the difference in viscosity and lipids diffusion. This Chapter
reports the lipids dynamic in the phase-separated planar membrane for our system setup,
comparing our result with related results by other scientists, and building the foundation for
single lipid behavior on phase-separated nanoscale MC study.
The lipids diffusion on phase-separated bilayer Ld has been reported ranging a fold to
a magnitude larger than Lo (70–72). The variation between results can because of
compositional difference (composition ratio in different tie lines) (70, 71), model system
(73), and fluorescent lipid used (74). When cholesterol concentration decreases, the tie line
in the phase diagram generally lengthens, which results in a greater diffusion difference
between Ld and Lo. When the temperature rises, the phase diagram co-existing fluid region
shrink into smaller size and eventually vanish as temperature reach Tm. The rise in
temperature leads both diffusion coefficients in Ld and Lo increase according to the StokeEinstein equation and become less different because of the shrinking tie line.
Nanoscale domains are sometimes revealed in the Lo phase through transient
confinements observed in SPT trajectories (17, 75). One possible explanation is that the
saturated lipids are likely to be tightly packed and form oligomers (75). The nanoscale
domains with its estimated size can be defined from single-molecule trajectories through
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existed algorithms (76), yet the confinement by these nanoscale domains has been
incorporated in diffusion calculation.
Besides saturated lipid forming oligomers and showing local confinement,
fluorescent lipids such as Rhodamine lipid shows oligomerization in the membrane as well
(77). Nevertheless, fluorophores such as Texas Red enhance unsaturated lipids oxidization
(74, 78). These observations, its assumptions, along with the execution from the
observations are thoroughly considered for our phase-separated bilayer diffusion study.
4.2 Major finding: Lipid diffusion at phase-separated SLBs
We chose an artificial lipid DiPhyPC instead of unsaturated lipids to minimize the
light-induced phase separation. Composition ratios of 1:1:2, 2:2:1, and 1:0:0
DiPhyPC:DPPC:cholesterol membrane (short for 1:1:2, 2:2:1, and 1:0:0 SLBs) are used for
phase separation diffusion study. The Ld preferring fluorescent lipid, 0.1 mol% DPPE-TR,
was used to label all membranes. SLBs are created by chilled GUVs fusion. We observed
macro-phase separation (radius > 1 μm) below transition temperature for both 1:1:2 and
2:2:1 SLBs. With temperature increase, the intensity between the two phases become less
different, as shown in other literature (79). The domain size less than 100 μm2 in 1:1:2 SLBs
were able to fully mix as the temperature reaches 40 °C for 20 min. As sample temperature
decreases, phase-separated domains form but did not grow larger than nanoscale size (Fig.41). The missing macro-phase separation is possible because: a) substrate to leaflet
interaction is too strong that caused the immobile domain that is impossible to merge. b) the
surface roughness of the substrate could increase the domain nucleation rate (80), leading
the nanodomains to cross the substrate.
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Figure 4-1: The phase-separated 1:1:2 SLB mix/separate with a change in Temperature. At
19 °C, the bilayer is phase-separated into Ld (bright) and Lo (dim) phases. Images were taken
from left to right with the temperature increased and then decreased. All images were taken
at the same location on the same scale.

We then applied SMLM on SLBs with varies temperature, the super-resolved image
shows high-density localization aggregation with a tenth of nm radius in size (Fig. 4-2b). This
phenomenon was presented even in 1:0:0 SLBs. Based on the nanoscale domain causation
study, we expect the aggregates are caused by a combination of light-induced phaseseparation and fluorescent lipids oligomerization. Neither of the cases is relevant to phaseseparated bilayer study, therefore the aggregates were removed prior to diffusion study.
An automated aggregate removal algorithm was developed based on spatial
autocorrelation function. All bilayer localizations were binned into voxels by their x, y
locations and time. When the number of localizations in a voxel is higher than the localization
density threshold (ρth), then all locations in the area of the voxel are removed. A model
membrane was generated with localizations evenly distributed in areas that do not have
localization removed. Spatial auto-correlation function 𝑔(𝑟) was calculated for membranes
went through the removal process with 0 – 95% localization removed and its corresponding
model (Eq. 4-1; Fig.4-2d).
2

𝑔(𝑟) =

〈𝐹𝐹𝑇 −1 (|𝐹𝐹𝑇(𝐼(𝑟⃗))| )〉𝜃
𝜌2

(Equation 4-1)

𝐼(𝑟⃗) is the two-dimensional localization histogram, 𝜌 is average density.
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The spatial auto-correlation for membrane and model is then compared to find the
average localizations per aggregate (N) (Eq. 4-2; Fig 4-2e).
𝑁 = ∫(

𝑔𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
𝑔𝑚𝑜𝑑𝑒𝑙

− 1)𝑟𝑑𝑟

(Equation 4-2)

The minimum localization removed membrane with N less or equal to 3 is used for
diffusion study (Fig. 4-2e). The generated model membrane with localization removed area
also without localizations is to assist minimize the artifacts by remove membrane
localizations. Membrane before and after the aggregate removal process showed a great
difference in MSD functions for 1:0:0 SLBs.

Figure 4-2: Aggregation observed in membrane constructed with DiPhyPC from superresolved images; aggregate is removed prior to diffusion study through spatial
autocorrelation analysis. Figure a-c are Super-resolved Voronoi diagram of the membrane
with DPPE-TR labeled. All scale bars are 1 μm. (a) POPC bilayer at 25 °C. (b) DiPhyPC bilayer
at 14 °C. (c) The same DiPhyPC bilayer after the aggregate removing process. (d) g for bilayer
in b from different localization removed percent. Top curve in blue from no localization
removed, as removed percentage increase, the curve lowers amplitude and overlaps
eventually. (e) Average localizations per aggregate for each g(r) calculated in d. (f) MSD
result for DiPhyPC membrane with and without aggregate at 14 °C and 28 °C.
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With the aggregate removing method, diffusion for 2:2:1 and 1:1:2 SLBs in different
phases and temperature are analyzed (Fig. 4-3). The detailed D are shown in manuscript III.
In general, as bilayer temperature increased, the lipid diffusion increased as well. 2:2:1 SLBs
show diffusion in Ld/Lo ratio of 1.8 ± 0.6 for both 14 °C and 28 °C; however, there is no
significant difference in diffusion between Ld and Lo for 1:1:2 SLBs. Since the tie line in 1:1:2
is shorter than 2:2:1 SLBs (81), which is a possible reason.

Figure 4-3: MSD(Δt) for (a) 2:2:1 SLBs and (b) 1:1:2 SLBs. The dotted lines represent Lo
phases, solid lines represent Ld phases, and dash lines represent a single fluid phase. Each
color represents a temperature. The cooler tones indicate the colder temperature, and
warmer tones indicate the warmer temperature.

With the understanding of lipid diffusion in phase-separated SLBs and nanoscale
MC, along with the aggregate removal method, we start a new Chapter with the
investigation of single lipid behavior at phase-separated nanoscale MC.
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CHAPTER 5 THE EFFECTS OF PHASE-SEPARATED MC ON SINLGE-LIPID DIFFUSION
AND SORTING
5.1 Motivation and background
Even though it is well known that the live-cell plasma membrane is consist of submicron sized domains and they are active at endocytic pits and critical for a number of other
cell functions, the detailed sub-micron observation of single lipid behavior on phaseseparated nanoscale MC is rear because the experimental setup is difficult. With the
experimental and technical build-up from previous Chapters, we studied the lipid sorting at
curvature site from diffraction-limited images and single lipid dynamics by SPT with ternary
mixtures studied previously, by comparing the result to POPC bilayer with DPPE-TR labeled
as well, we present the effects of phase-separation on nanoscale MC.
In this Chapter, we induce nanoscale MC on phase-separated bilayers with the
combined method from Chapters 3 and 4. Phase-separated GUVs were deposited on 50 nm
radius NPs spread cross the glass substrate with temperature control (Fig. 5-1A, B). The lipid
sorting analysis was based on intensity change in diffraction-limited images of 1:1:2 SLBs
(Fig. 5-1C); SMLM and SPT technique was used for the lipid dynamic analysis on both 1:1:2
and 2:2:1 SLBs (Fig. 5-1D).
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Figure 5-1: We engineered phase-separated SLBs with nanoscale MC. (A) the schematic of
nanoscale MC supported by NP on the substrate. (B) Diffraction-limited image of a phaseseparated 1:1:2 SLB labeled by DPPE-TR with Lo domain (dim), Ld domain(bright), and
nanoscale MCs (on example highlighted in the yellow box). Scale bar is 5 μm. (C) Enlarged
yellow box region from B, color represents the intensity. The extra brightness is partially from
the extra membrane at MC. (D) Super-resolved Voronoi diagram of a 1:1:2 SLB with curvature
localized in the center. The surrounding localization accumulated regions are aggregates.
Color represents the localization density. Figures C and D have a scale bar of 0.4 μm.
5.2 Major finding: Lipid dynamics and sorting at phase-separated MC
For phase sorting at curvature analysis, curvature locations were localized by track
down NP locations from NP channel. The membrane within 600 nm from NP locations was
isolated and fitted to a 2D gaussian for a precise curvature center. The intensity at the center
of curvature (Ic) is an averaged intensity of the center 9 pixels within 170 nm from the center
of curvature. The surrounding intensity (Is) is an averaged intensity of surrounding pixels
with 400 ± 56 nm away from curvature. The average membrane intensity (<I>) is an average
of Ld phase intensity (Id) and Lo phase intensity (Io); <I> = ½ (Id + Io). The curvature
surrounding phase (Ps) is determined by Is/<I>. Curvature in Ld phase if Ps is larger than 1.1,
in Lo phase if Ps is smaller than 0.9, in the single liquid phase (L) if 0.9 < Ps < 1.1. The SLBs
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were formed by GUV fusion with a variety of compositions and Tm, and Ps ranged from 0.3 to
3.
The phase sorting ability is expressed by comparing Ic to Is. Because there is extra
membrane per area at MC, the curvature shows extra brightness from the topography. This
effect can be corrected by comparing the curvature to the flat bilayer intensity ratio to a
POPC bilayer MC with the same setup (Eq. 5-1).
𝑆=

𝐼𝑐
𝐼𝑠

𝐼 𝑃𝑂𝑃𝐶

× 𝐼𝑠𝑃𝑂𝑃𝐶
𝑐

(Equation 5-1)

The sorting ability for every nanoscale MC was studied as a function of its Ps (Fig. 52). It appears that colder temperature has a greater variation in Is. Also, curvatures for 1:1:2
SLBs are brighter at center curvature than POPC, which indicates that L d preferring lipid
sorts to curvature even for Ld surrounded curvature.

Figure 5-2: Ld preferring lipid sorts to curvature, the effect is more obvious in Lo surrounded
nanoscale MC. Scatter plot of all MC phase sorting relative to its surround phase with a range
of temperatures listed in the legend. The points in black with error bars are averaged results
grouped by the surrounding phase. All points in the plot are normalized by POPC MC with
DPPE-TR labeling.
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For diffusion analysis, all super-resolved membranes went through the aggregate
removal process before diffusion study with the exception of localizations within 120 nm
from the center of curvature. The diffusion study is also sorted by its surrounding phase. A
1:1:2 SLBs Dxy as a function of r at MC was compared to single fluid phase POPC MC from the
previous diffusion study (Fig. 5-3).

Figure 5-3: Dxy as a function of distance away, r, from NP center for 1:1:2 SLBs at 27 °C
surrounded by Ld (red hollow circle), Lo (red filled circle), and POPC single fluid phase (black
filled square). Note that compare the POPC bilayers to 1:1:2 SLBs, lipids diffuse faster at
planer bilayer (r > 400 nm), yet slower at the center of curvature (r< 50 nm).

All Monte Carlo simulation results for correcting curvature effects from
manuscript II showed a consistent 0.53 ± 0.1 difference between Dflat/Dcurved and
experimental flat to curved xy – projection ratio (Dxyratio). The factor was used to find
Dflat/Dcurved in all phase-separated MC diffusion studies. The Monte Carlo simulation exported
that Dflat/Dcurved for POPC bilayer at 25 °C is 2.5 ± 0.6; however, the estimated ratio for 1:1:2
SLBs both phases at 27 °C are 0.7 ± 0.3, indicated that diffusion at curvature is faster than
planar bilayer. This result along with phase sorting analysis indicates that lipid disorder
preferring lipid sorts to curvature.
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1:1:2 and 2:2:1 SLBs with varying phase and temperature diffusion as a function of
distance away from the NP center are studied and compared (Fig. 5-4; Table 5-1). There is
no difference observed in Ld and Lo at the flat membrane (r > 400 nm) could possibly be
based on poor sampling or measurement uncertainty.

Figure 5-4: Dxy as a function of r for (A) 2:2:1 SLBs and (B) 1:1:2 SLBs.

Dcurved is faster or equivalent to Dflat for all membranes with ternary mixtures, this
effect is more pronounced at a lower temperature. The phase possibly sorts more by
curvature at a colder temperature. Also, Dxy decreases for r between 125 – 400 nm and level
out after 400 nm. Based on the result that lipids diffuse faster at curvature area, the
decreasing diffusion at near curvature flat region may be an indication of induced Ld phase
outside of curvature.
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CHAPTER 6 CONCLUSION AND FUTURE PROJECTS
6.1 Summary of the projects
This thesis is focused on understanding the dynamic and sorting in the single
molecular level at nanoscale MC, relative to lipids shape, a fluorescent label, phase
separation, and temperature.
The abilities of fluorescent techniques for nanoscale curvature recognition were
tested and membrane bud topography was generated for assisting experimental diffusion on
curvature study. MC in single fluid phase was then engineered by lipids with varying shape,
size and fluorophore location on lipids for diffusion study. Lipids diffuse Brownian like at
curvature, and the fluorescence labeling strategy affects the curvature-dependence more
than the surrounding lipids.
The dynamic of the membrane with ternary mixtures that induce the co-existing
phase was analyzed. The aggregates in the nanoscale are removed prior to diffusion
calculation. Our work is consistent with other literature that with temperature increase, lipid
D increases as well, and increasing cholesterol concentration leads to less difference in
diffusion between Ld and Lo domain.
Finally, the lipid diffusion and sorting were quantified in the phase-separated
curvature region. The Ld preferring lipid sorts to curvature even at Ld surrounding
curvatures. This is systematic with the dynamic study where lipids diffuse faster at curvature
than flat, as respects of same fluorescent lipids at curvature has one-third of the diffusion
than flat for single fluid phase membrane.
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6.2 The future projects
In the past, we discovered that the fluorophore location on lipid affects the lipid
diffusion more than its surrounding lipids. A fluorophore is important to detect membrane
and analyze the dynamics and sorting via fluorescent microscopy, but they are not
representing all lipids in the membrane. Soon, molecular dynamics simulation would be
introduced into the dynamic study. The benefit of molecular dynamics is that all lipids
incorporated into simulation can be localized at all time, in other words, every lipid can be
used to calculate diffusion. We would like to answer the question such as Does surrounding
lipids affect the lipid diffusion in the molecular dynamic simulation? For the lipids that are
not cylinder-shaped, do they accumulate at a specific region of the curvature? Are they
influencing the local viscosity at curvature site? What is the mechanism for lipids sense MC?
The existed experimental results are great for calibrating simulation parameters. We would
like to confirm the relation between the shape of lipids, lipids tail saturation and curvature.
This result is important to understand the mechanism of signal lipids accumulate at MC. Also,
comparing molecular dynamic and experimental results help us understand the functionality
of fluorescent lipids and assist the interpretation of the future fluorescent results.
From the dynamic study of a lipid bilayer with the precisely controlled composition,
we revealed the relationship between single lipids structure, MC, and membrane phase
separation. However, the plasma membrane is much more complex with the actin filament
supports. There the phase-separated domains are Lo – like yet concentrated in the endocytic
pit. To understand the receptor-independent endocytosis initiation, the lipids behavior
analysis needs to take place in the plasma membrane. We would label the plasma membrane
with fluorescent lipids that are Lo – like domain preferring and reveal the lipids dynamic and
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sorting relative to domains at the endocytic pit. In the past, localizing the phagosome pit was
difficult since the phagocytosis takes place in minutes. Our PLM technique can recognize
curvature within 3 seconds of imaging. Furthermore, deposit fluorescent NP into cell
samples could potentially assist localize to phagocytosis location. The detailed receptorindependent endocytosis initiation mechanism leads to advanced cell intake manipulation.

34
APPENDIX A MANUSCRIPT I

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50
APPENDIX B MANUSCRIPT II AND ITS SUPPLIMENTAL

51

52

53

54

55

56

57

58

59

60

61

62
Supplemental Material for Manuscript II
S.1) Match between MSD and step-length histogram analysis
Usually, single-particle tracking results are analyzed via mean square displacement (MSD)
vs. Δt analysis rather than single-step length histogram analysis and Maxwell-Boltzmann
fitting (Eq. 1 and S2). Brownian diffusers will yield a linear MSD vs. Δt relationship with the
slope proportional to the diffusion coefficient. Experimental limitations such as localization
uncertainty (σr) and exposure time (texp) will be incorporated into a non-zero y-intercept (A).
In two-dimensions, MSD vs. Δt is fit to

𝑀𝑆𝐷 = 4𝐷𝑀𝑆𝐷 Δ𝑡 + 𝐴.

(S1)

The diffusion coefficient calculated via this MSD vs. Δt analysis is reported as DMSD to be clear
about the methods used for its calculation and would be equal to Dxy in the ideal scenario if
not for statistical noise (Fig. S1).
Nonlinear relationships between MSD and Δt represent non-Brownian diffusion, such as the
presences of obstacles, corals, pinning sites, or directed diffusion. Typically, the short time
and length scale analysis of the MSD represents the diffusion between or within these
barriers. Accordingly, the MSD vs. Δt here were fit only to Δt values equal to 2 through 5
frames (i.e., 2 ms through 10 ms) to minimize the effects of these non-Brownian
contributions to our determination of DMSD.
The incentive to do analyzing step length histograms rather than MSD plots is due to the
ability to better map the diffusion rate at different locations across the sample with step

63
length histograms [1]. MSD plots typically combine the entirely of a trajectory that may
traverse a relatively large region of the sample for finding the diffusion rates.

S.2) Calculation of 𝑫𝒓 /𝑫𝜽
The radial (Dr) versus azimuthal diffusion (𝐷𝜃 ) around the nanoparticle-created membrane
bud were analyzed by considering the relative step lengths in each direction. Two
localizations that were identified to be a single step of a single lipid ((𝑥1 , 𝑦1 ) and (𝑥2 ,𝑦2 ))
were analyzed by finding the mean (𝑥̅ , ̅𝑦), rotating the mean by an angle φ to the x-axis to
find the new step locations ((𝑥1′ , 𝑦1′ ) and (𝑥2′ ,𝑦2′ )). The step lengths along the x-direction (Δ𝑥 ′ )
and y-direction (Δ𝑦 ′ ) were approximated to equal the steps lengths radially and azimuthally,
respectively. The histograms of radial and azimuthal steps were fit to the single-population
1D Maxwell-Boltzmann distribution (i.e., a Gaussian distribution) to reveal Dr and 𝐷𝜃 ,
according to
𝑥̅ =

(𝑥1 +𝑥2 )

𝑦̅ =

2
(𝑦1 +𝑦2 )
2

𝜙 = atan (𝑦̅/𝑥̅ )

𝑥1′ = 𝑥1 cos 𝜙 − 𝑦1 sin 𝜙
𝑦1′ = 𝑥1 sin 𝜙 + 𝑦1 cos 𝜙
𝑥2′ = 𝑥2 cos 𝜙 − 𝑦2 sin 𝜙
𝑦2′ = 𝑥2 sin 𝜙 + 𝑦2 cos 𝜙

(S2)
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Δ𝑥 ′ = 𝑥2′ − 𝑥1′
Δ𝑦 ′ = 𝑦2′ − 𝑦1′

𝐷𝑟
𝐷𝜃

Δ𝑥 ′

2

= (Δ𝑦 ′ )

The experimentally measured ratio of radial and azimuthal step length distributions (i.e.,
𝐷𝑟 /𝐷𝜃 ) were well reproduced in Monte Carlo simulations for which the diffusers were
modeled as locally Brownian diffusers on the curved membrane topology (Fig. 5).
Accordingly, there was no apparent barrier to diffusion or increased probability of the lipids
to diffuse around rather than up-and-down the membrane bud.

S.3) Two-populations of diffusers
Throughout the manuscript, the histograms of step lengths from single-lipid tracking were
analyzed as a single-population of Brownian diffusers with the histogram fit to Eq. 1 for
finding D. However, DiIC12 and DiIC18 showed deviations from the expected step length
distributions of a single population and were additionally fit to the expected distribution of
step lengths (Eq. S2), that depended on the diffusion coefficients for each population (Dfit_slow
and Dfit_fast) and their population ratio a, according to
𝑃2 (𝑣) = (2𝐷

𝑎∗𝑣
𝑓𝑖𝑡_𝑠𝑙𝑜𝑤 ∆𝑡)

𝑒

−

𝑣2
4𝐷𝑓𝑖𝑡_𝑠𝑙𝑜𝑤 ∆𝑡

(1−𝑎)∗𝑣

+ (2𝐷

𝑓𝑖𝑡_𝑓𝑎𝑠𝑡 ∆𝑡)

𝑒

−

𝑣2
4𝐷𝑓𝑖𝑡_𝑓𝑎𝑠𝑡 ∆𝑡

.

(S3)
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Dfit_slow and Dfit_fast were corrected for the systematic errors of localization uncertainty and
camera exposure times (Eq. 2) and analyzed as a function of distance from the NP center (Fig.
S5). The effects of curvature on these two populations was consistent with the effects of
curvature when only one population of diffusers was fit to the experimental results.
Both populations of diffusers from DiIC12 diffused faster than the corresponding
population of diffusers from DiIC18 population (Fig. S5). Dfast for DiIC12 is 1.3 ± 0.1 μm2/s
while DiIC18 has Dfast of 0.87 ± 0.1 μm2/s. Dslow for DiIC12 is 0.26 ± 0.1 μm2/s where for DiIC18
is 0.13 ± 0.03 μm2/s.

S.4) Effects of localization probabilities
The localization probability versus membrane height was modeled with the
transition dipole moment for the fluorophore either perfectly normal to the membrane (i.e.,
to represent NBD) or parallel to the membrane plane (i.e., to represent DiI). In the
experiments and simulations, the incident light was modeled to be s-polarized for NBD and
p-polarized for DiI such that the membrane perpendicular to the coverslip (i.e., membrane
angle = 90°) was most likely to be excited. The magnitude of this effect would depend on the
dynamics of the fluorophore within the membrane, the polarization ratio of the excitation
light, the fluctuations in the membrane shape, and membrane tension with the fluorophore
brightness varying by as much as 50% with the membrane orientation [2,3]. Estimating the
probability of localizing a fluorophore (Ploc) to a maximum difference in probability of
0
localizing a fluorophore (𝑃𝑙𝑜𝑐
) and membrane angle relative to the coverslip normal (θ)

yields
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0
𝑃𝑙𝑜𝑐 = 1 − P𝑙𝑜𝑐
cos(𝜃)2 .

(S4)

The incorporation of membrane angle-dependent localization probabilities has negligible
effects on the expected Dxy results compared to varying the Dflat/Dcurved ratio (Fig. S4). This is
consistent with prior observations that varying the polarization of excitation light did not
yield significant differences in the observed Dxy of DiI [4].

SUPPLEMENTAL FIGURES

Fig. S1: Two ways of studying diffusion. Both analyses used data from DPPE-TR on top leaflet
of POPC bilayers that were greater than 250 nm from any NP. (a) Averaged time dependent
MSD for all trajectories. The shaded purple area represents the distribution of singletrajectory results. DMSD from fitting the slope and corrected by (Eq. 2) is 2.5 ± 0.3 µm2/s (b)
Normalized single step length distribution and its Maxwell-Boltzmann fit. The fit to single
step histogram yield Dxy is 2.4 ± 0.2 µm2/s.

67

Fig. S2: All single steps of POPC and DPPE-TR on 70 nm NPs system were separated evenly
to 3 populations and fit to Maxwell Boltzmann distribution separately. The markers
represent each sub populations distance dependent Dxy. The solid lines with matching color
indicate the fit from Monte Carlo simulations. The averaged difference of the 3
subpopulations at all distances is 8%. After fitting to Monte Carlo simulations for each subset,
the average and standard deviation of the three fits yielded Dflat/Dcurved = 3.8 ± 0.6.
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Fig. S3: DiI displayed two populations of diffusers at all distances away from the NP center.
The two populations of diffusion are represented as a fast and slow component (Eq. S2). (a)
Experimental data points and Monte Carlo fits for the two-population analysis of DiIC12 and
DiIC18. The empty symbols and dashed lines are the experimental data and fit, respectively,
of Dslow; the filled symbols and solid lines are the experimental data and fit, respectively, of
Dfast. (b) The two populations were near equally occupied for DiIC12 and DiIC18 at all distance
from the NP. For contrast, a two-population fit to DPPE-TR is also shown for which a is never
significantly different than zero.

Fig. S4: (a) The simulated membrane topography (Fig. 2) for a 50 nm radius nanoparticle
was analyzed with a varying localization probability, according to Eq. S3. The (b)
membrane angle vs. height and (c) localization probability versus height are shown may
yield some membrane orientations to be sampled more than others. (d) Incorporating this
varying localization probability into the Monte Carlo simulations reveals slightly altered
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Dxy vs. distance from the NP center. However, the effects of varying the localization
probability are minor compared to varying the simulated Dflat/Dcurved ratio (e).
0
Incorporating a variable localization probability (i.e., 𝑃𝑙𝑜𝑐
> 0) resulted in worse fitting to

the experimental data.

Fig. S5: Results from Table 2 plotted to consider variations between the activation energy
between defect sites, as described in Section 4.4. The slope of 1.67 fit to these data represents
an activation barrier energy difference of 0.51 kBT easier to step between defect sites on the
planar than the curved membrane.
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Fig. S6: (a) Normalized single step histogram (red circles) were fit with a Maxwell-Boltzmann
fit (Eq. 1, dashed lines) to find Dxy (green) or setting Dxy =0 (blue). The fit lines are not
significantly different from each other. (b) The normalized DPPE-Rh localization density as
a function of distance from the NP center were fit to a Gaussian as if the fluorophores were
aggregated to a point with a localization uncertainty represented by the Gaussian width. This
localization density is consistent with a small immobile aggregation of fluorophores and a
24 nm localization uncertainty.
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ABSTRACT
Co-existing fluid phases are a fundamental organizing mechanism on cellular membranes.
Lipid phases have complex dependencies on the membrane composition, curvature, tension,
and temperature. Single-molecule diffusion presents a key aspect of membrane behavior and
reports the effective membrane viscosity. Lipid diffusion rates varies by up to ten fold
between liquid disordered (Ld) and liquid ordered (Lo) phases depending on the membrane
composition, model system, and imaging technique. This manuscript reports the lipid
diffusion on phase-separated supported lipid bilayers (SLBs) with varying temperature,
composition, phase. Lipid diffusion is measured by single-particle tracking (SPT) and
fluorescence correlation spectroscopy (FCS) while creating data acquisition and analysis
protocols that are applicable to diverse membranes systems. In particular, we demonstrate
how SPT analysis based on single-step distribution analyses compares to mean squared
displacement analysis. SLBs provide well-controlled model membrane amendable to singlemolecule localization microscopy and single-particle tracking, yet are sensitive to substrateinduced artifacts, such as fluorophore aggregates. SPT is sensitive to aggregation whereas
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FCS largely excludes aggregates from the reported data. This manuscript reports protocols
for identifying and culling the aggregates prior to calculating diffusion rates via SPT. With
aggregate culling, all diffusion measurement methods provide consistent results. With
varying composition and temperature, we demonstrate the importance of the tie-line length
that separates the co-existing lipid phases in predicting the differences in diffusion between
the Ld and Lo phases. The methods developed in this manuscript are also used for revealing
the interplay between lipid phases and nanoscale membrane curvature in a companion
manuscript (Woodward and Kelly, 2020).

KEYWORDS
co-existed liquid phase, single-particle tracking, diffusion, fluorescence, aggregation

HIGHLIGHTS
•
•
•
•

Aggregate was present in both Ld and Lo domains in super-resolution images.
Aggregate was culled prior to diffusion study through spatial correlation function.
Membrane with higher cholesterol content or at low temperature appeared to have
more aggregate.
The DPPE-TR diffusion difference between Ld and Lo are greater for membrane with
less cholesterol content or at low temperature
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1) INTRODUCTION
Cell plasma membranes are often modeled as two dimensional fluid with co-existing
lipid phases (Pike, 2006; Pralle et al., 2000; Simons and Ikonen, 1997). These domains are
thought to be critical for many cell functions such as protein sorting, cell signaling, and
membrane budding (Fessler and Parks, 2011; Hurley et al., 2010; Simons and Toomre, 2000).
For a fundational understanding of the co-existing liquid phases, model membranes are used
to precisely correlate the membrane composition with biophysical observables, such as
viscosity, bilayer thickness, and fluctuation analyses (Kiessling et al., 2015; Veatch and Keller,
2002, 2005; Wu et al., 2016).
Model membranes can phase separate into a liquid-ordered phase (Lo) and a liquiddisordered phase (Ld) when composed of a mixture of three lipid types: a phospholipid with
a high melting temperature, a phospholipid with low melting temperature, and a sterol
(Veatch and Keller, 2003). Lipids that have a high melting temperature tend to have longer
and more saturated acyl tails while concentrating in the Lo phase. Lipids that have a low
melting temperature commonly have shorter, unsaturated tails while concentrating in the
Ld phase. And the most commonly used sterol in model membranes is cholesterol, with a
slight preference for the Lo phase. All membranes with an average composition in region of
co-existing liquid phases have Ld and Lo phases as shown by the endpoints of the tie-line
(Uppamoochikkal et al., 2010).
Common compositions and temperatures result in the Lo phase being up to 0.8 nm
ticker (Bleecker et al., 2016; Chiantia et al., 2006a, 2006b; Lin et al., 2007), having an up to 3
fold higher bending rigidity (Baumgart et al., 2003; Dimova, 2014; Gracià et al., 2010;
Kollmitzer et al., 2015), and providing 10x slower lipid diffusion (Kahya et al., 2003;
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Scherfeld et al., 2003) than the Ld phase. Increasing the sample temperature shortens the tielines and causes the Lo and Ld phases to become more similar in composition and behavior.
If the temperature is above the miscibility transition temperature (Tm), a single liquid phase
(L) exists. The phases reform when the membrane temperature drops below Tm with an
interplay of phase nucleation and growth dynamics.
With increasing temperature, the diffusion rate of lipids increases (Almeida et al.,
1992; Bag et al., 2013; Jacobson et al., 1981; Tamm, 1988; Wu et al., 1977). As the
temperature increased in phase-separated membranes, two populations of diffusing lipids
that initially had more than a 3x differences in diffusion rates became a single population of
diffusers (Filippov et al., 2004; Lindblom et al., 2006). Interestingly, the single population of
diffusers observed at temperature above Tm frequently diffuses at a rate between the faster
Ld and slower Lo sub-populations.
In addition to bulk effective viscosity differences, there are often transient lipid
confinements and aggregations. These non-Brownian behaviors have been interrupted as
phase-associated nanodomains (Sodt et al., 2014; Wu et al., 2016), membrane-substrate
pinning sites (Hsieh et al., 2014; Spillane et al., 2014), dye-dye interactions (Jan Akhunzada
et al., 2019), and incomplete bilayer formation (Coker et al., 2019). Anomalous diffusion,
confinement, and nanodomain size have been estimated through long-duration singlemolecule trajectories (Schütz et al., 1997; Simson et al., 1995).
Two complimentary techniques to study single-molecule diffusion are FCS and SPT
(Harwardt et al., 2018). FCS uses less total light power compared to SPT (>10 mW vs. <10
μW, respectively), and FCS measures higher fluorescent lipid concentrations than SPT (>200
lipids/μm2 vs <6 lipids/µm2, respectively). However, FCS is inherently blind to immobile
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diffusers and rare events are difficult to detect (Guo et al., 2012). FCS has a spatial resolution
limited by the diffraction-limited beam waist size (i.e., 250 nm). The spatial resolution of SPT
depends on the single-molecule localization precision (i.e., 1-20 nm), the step length
between imaging frames (i.e., 10-300 nm), and the analysis method. SPT may provide a subdiffraction-limited mapping of the spatial variations in the effective viscosity, nano-domains,
and aggregates. For example, FCS shows little effects from nanoscale membrane curvature
relative to the curvature-dependent lipid mobility change in simulations (Kabbani et al.,
2017). By mapping the single-lipid step lengths to locations on the membrane, the lipid
mobility relative to membrane curvature has been analyzed (Kabbani and Kelly, 2017a;
Woodward et al., 2018).
This manuscript details an optimized analysis procedure for SPT data in order to map
the lipid diffusion rate across a sample while lipid aggregates are present. Aggregate
identification and culling were performed to study diffusion single-lipid diffusion upon
varying the temperature, lipid composition, and co-existing lipid phases. Consistency was
demonstrated between FCS and SPT, including analyzing the SPT results with MSD or singlestep-length histograms. In all conditions, faster diffusion was observed for higher
temperatures and greater differences between phases was observed when the tie-line was
longer. The protocols developed here is directly applicable to mapping lateral
heterogeneities in effective membrane viscosities, such as those created by nanoscale
curvature, as demonstrated in our companion manuscript (Woodward and Kelly, 2020).

2) MATERIALS AND METHODS
2.1) GUV formation
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1,2-diphytanoyl-sn-glycero-3-phosphocholine (DiPhyPC; Avanti Polar lipids) was
used as highly disordered lipids to minimize the oxidation effect. DiPhyPC was combined
with dipalmitoylphosphatidylcholine (DPPC; Avanti Polar lipids) and cholesterol (Avanti
Polar lipids) to study phase-separated SLBs. Fluorescent lipid 1,2-dipalmitoyl-snglycerophosphoethanolamine Texas Red (DPPE-TR, Life Technologies) was used to label the
Ld domain for a total concentration of 0.1 mol%. We chose three compositions with mol ratio
of: 1:0:0, 2:2:1, and 1:1:2 DiPhyPC:DPPC:cholesterol (1:0:0, 2:2:1, and 1:1:2 SLBs). All other
chemicals were bought from Sigma Aldrich. The solvent was Milli-Q water with a resistivity
of 18 mΩ unless mentioned otherwise.
All samples were created by GUV fusion on a glass coverslip. GUVs making protocol
was adapted from previous reports (Veatch, 2007). Lipids were combined into the desired
ratio in chloroform with a concentration of 5 mg/mL and dried onto two of the electrically
conducting indium tin oxide coated glass plates. A trimmed silicon sheet was added between
the plates and stabilized by clips to create a chamber. The chamber was filled with a 200 mM
sucrose solution and electroformed at 55 °C with an AC voltage with Vrms of 3 V at 10 Hz for
1 hr. The GUV solution had a concentration of 13 mg/mL after fully electroformed and was
stored at the same temperature till deposition. Each GUV solution was used for up to 2 days.

2.2) Sample dish preparation
All SLBs were formed and imaged on glass-bottom dishes (MatTek Corp.). Dishes
were rinsed with ethanol, dried by nitrogen stream, and placed in air plasma (Harrick Plasma)
for 10s to create a hydrophilic surface. 20 µL of 50 mM CaCl2 was deposited on the dish and
dried on a hot plate at 35 °C for 10 min. The dishes were chilled to room temperature for
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GUV deposition. At least two batches of GUVs were used for each membrane composition.
For diffusion studies, at least three SLBs by different GUV fusion were imaged.

2.3) SLB formation
GUV solution temperature was cooled to 4 °C to assist the domain formation prior to
the formation of SLBs. As phase-separated GUVs fused to the glass substrate, SLBs had phaseseparated domains with shapes similar to those seen on GUVs (Fig. 1). 5 µL of GUVs at 4 °C
were deposited to the sample dish at room temperature and followed up with 50 µL of MilliQ water also chilled to 4 °C. The dish was then chilled again at 4 °C for 15 min before rinsed
gently with 5 mL of 200 mM sucrose. We note that if the sample dish was cooled to 4 °C prior
to GUV deposition, the condensation on glass would ruin the hydrophilic surface.

2.4) Temperature control
A Peltier temperature control dish holder was used along with a self-assembled insulated
dish cover with a thermocouple embedded. Once the dish cover is placed on the sample dish,
the thermocouple would merge into the solution and 0.2 mm above the center of the sample
dish. All the cooling and heating devices were controlled via a custom LabVIEW program.
The sample temperature reported by thermocouple indicated that the dish was cooled to a
minimum temperature between 14 °C to 20 °C. Also, the dishes were never heated above
40 °C due to limitations in our optical system. When changing temperature, the temperature
was changed by 0.5 °C/min and remained at the set temperature for 30 min before imaging.
For temperature studies, the Peltier dish holder (QE-1HC, Warner Instruments) was initially
set to 10 °C, while the sample is taken out of the refrigerator at 4 °C. After 10 minutes, the
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sample temperature was reported by thermocouple to have stabilized, and measurements
were started. The Peltier temperature was set to be at 10 °C, 30°C, or 45 °C and resulted in
the sample being 17 ± 3 °C, 27 ± 1 °C, and 37 ± 1 °C, respectively.

2.5) SPT Imaging procedure
The optical setup is described in previous publications (Kabbani and Kelly, 2017b;
Woodward et al., 2018). It contains an inverted IX83 microscope with a 100×, 1.49 NA
objective (Olympus), a 2× emission path magnification (OptoSplit, Cairn Research), and an
iXon 897-Ultra EMCCD camera (Andor Technology). A Hg lamp with an excitation filter
(BrightLine single-band filters, Semrock) provided wide-field fluorescence illumination of
SLBs and was used to acquire diffraction-limited images. CUBE diode lasers systems with
wavelengths of 405 and 488 nm (Coherent) along with 561 nm Sapphire laser (Coherent)
were used for single fluorophore excitation. The excitation light passed through a clean-up
filter (zet405/488/561/647×, Chroma Technology), encountered a quad-band dichroic
mirror (zt405/488/561/647rpc, Chroma Technology), and reflected into the objective. The
emission was isolated via emission filters (BrightLine single-band filters, Semrock) and a 4band notch laser filter (zet405/488/561/640 m, Chroma Technology), as described
previously. An imaging software SOLIS (Andor Technology) was used to acquire images and
movies with 128 pixels×128 pixels region of interest (ROI) with the kinetic model and EM
gain of 150. The images were acquired at 10 Hz for every color channel, and videos were
acquired at the same location with the images in 561 nm channel for 537 Hz of 20,000 frames.

2.6) Single-fluorophore localization
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The movies with optically isolated fluorescent lipids were imported into Fiji
(Schindelin et al., 2012). Fiji plug-in ThunderSTORM fitted every bright spot in couple pixel
size in movies into a 2D Gaussian function and exported its location, intensity, Gaussian fit
width, localization uncertainty (σr), and brightness (Ovesný et al., 2014). Only the
localizations with intensity > 100 photons, Gaussian fit width > 15 nm, and σr < 45 nm were
kept for further analysis. ThunderSTORM reported σr = 24 ± 1 nm for the kept localizations.

2.7) Aggregate removing method
Aggregated localizations were identified and removed. All localizations were grouped
to voxels of space and acquisition time. When the number of localizations per voxel was
above a localization density threshold (ρth), localizations were assessed to be aggregations
and removed for subsequent analysis. ρth was varied to remove between 0 to 80 % of all
localization for testing. For each ρth, we generated a simulated membrane with localizations
evenly distributed across the remaining membrane area. By comparing the spatial
correlation function (gs) between the experimentally acquired and culled localizations and
the associated simulated membrane with azimuthal averaging, as done previously (Veatch
et al., 2012).

2

𝑔𝑠 (𝑟) =

〈𝐹𝐹𝑇 −1 (|𝐹𝐹𝑇(𝐼(𝑟⃗))| )〉𝜃
𝜌2

(Eq. 1)

I(r) is the two-dimensional localization histogram, and 𝜌 is the average localization
density. We calculated gs for each the experimental data (gexp) and the model data (gsim) to
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calculate the average number of localizations per aggregation (N), as done previously
(Shelby et al., 2013).

𝑔𝑒𝑥𝑝 (𝑟)

𝑁 = ∫ (𝑔

𝑠𝑖𝑚 (𝑟)

− 1) 𝑟𝑑𝑟

(Eq. 2)

Increasing ρth resulted in decreasing N, as expected. The ρth used for further analysis was the
minimum ρth value that yielded N ≤ 3.

2.8) Single-molecule trajectory analysis
The remaining localizations after aggregate removal procedure are linked through utrack (Jaqaman et al., 2008) with a maximum search radius of 400 nm. Trajectories with
more steps yielded a slower diffusion compared to shorter trajectories, as observed
previously (Saxton, 1997). The longer trajectories are possibly from oligomers, as would be
expected to have slower diffusion than single lipids. Therefore, trajectories that are more
than 32 steps long were removed from all diffusion studies whenever aggregates were
removed, as described above. The aggregate and long-trajectory removal resulted in the
average trajectory lasting 6 ± 4 steps.

2.8.1) Rayleigh distribution analysis
All step lengths (ν) were collected from linked data and fit to Rayleigh distribution to find
the diffusion coefficient (Dfit), as done previously (Cheney et al., 2017; Knight et al., 2010;
Woodward et al., 2018).
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𝑃(ν) =

ν
2𝐷𝑓𝑖𝑡 Δt

𝑒

−

ν2
4𝐷𝑓𝑖𝑡 Δt

(Eq. 3)

Dfit was corrected for imaging blur and localization uncertainty (σr) to yield the
diffusion coefficient from single-step analysis (DRD) (Berglund, 2010; Lagerholm et al., 2017;
Qian et al., 1991).

2

𝐷𝑅𝐷 =

𝜎
𝐷𝑓𝑖𝑡 − 𝑟

2𝛥𝑡
𝑡𝑒𝑥𝑝
1−
3𝛥𝑡

.

(Eq. 4)

The difference between the fit and real D values depends on the single-frame exposure time
(texp), the time between frames (Δt), and localization uncertainty (σr) exported by
ThunderSTORM.

2.8.2) MSD analysis
The mean squared displacement (MSD) as a function of Δt was calculated for all
samples (Wu et al., 1977). The DMSD was found by fitting the first two point (i.e., Δt = 1.9 and
3.8 msec) of the image-blurred corrected MSD vs Δt,

𝑀𝑆𝐷 =

10
3

𝐷𝑀𝑆𝐷 Δt + 2σ2𝑟 .

(Eq. 5)
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By using the σr exported from ThunderSTORM rather than incorporating it as an unknown
in the fitting routine, DMSD and DRD could be directly compared without having to calculate
the y-intercept of the MSD result prior to performing the Rayleigh distribution analysis.

2.9) FCS setup
The FCS optical system was built on an inverted IX71 microscope with a 40x, 1.3 NA objective
(Olympus), Zyla sCMOS camera (Andor Technologies), and a continuum laser split in narrow
channels for fluorescence excitation (YSL Photonics). The laser power was 1.6 µW with a
beam waist of 180 ± 20 nm centered at a wavelength of 561 nm using an excitation filter ().
The IX71 had a cube turret in which a tri-band dichroic mirror () and emission filter ()
incorporated to accept the laser light from the left side of scope through customization of the
microscope body. The sCMOS camera provided a 1 kHz frame rate of intensity vs. time
detection. Additionally, a Qimaging EMCCD camera (Photometrics) for widefield imaging
paired was available with LED1 fluorescence excitation (EXFO).
All FCS experiments were operated at room temperature (25 ± 2 °C). An automatic z-scan is
operated on the membrane to find the minimum beam waist and optimize the focus between
FCS acquisitions, each of which lasted 100 sec. Five locations from two sample dishes were
tested for each composition condition. The auto-correlation function (gFCS) was calculated
from intensity vs. time (I(t)), which was the mean intensity each image acquired by the
sCMOS camera.

2

𝑔𝐹𝐶𝑆 (𝜏) =

𝐹𝐹𝑇 −1 (|𝐹𝐹𝑇(𝐼(𝑡))| )
<𝐼(𝑡)>2

(Eq. 6)

84

3) RESULTS
3.1) Creating phase-separated SLBs
We

created

phase-separated

SLBs

with

1:1:2

and

2:2:1

molar

ratios

of

DiPhyPC:DPPC:cholesterol. The 1:1:2 SLBs had higher cholesterol content and a lower Tm
than the 2:2:1 SLBs. After the optimization of our methods, the phases visible on the SLBs
were of similar in size and shape to those on the GUVs prior their fusion on the coverslip.
The phases were identified with a phase-partitioning fluorescent lipid, DPPE-TR, such that
a higher local concentration of DPPE-TR was interpreted as a region of more disordered
phase. Disordered phases were presumed to have a higher concentration of DiPhyPC and a
lower concentration of DPPC than the co-exisiting ordered phases. Variable membrane
composition between GUVs and the resulting SLB patches from the same preparation
resulted in varying partition coefficients of the DPPE-TR between the phases and varying Tm
between the SLB patches in a single sample dish.
During the optimization and discovery of the SLB formation method, the importance of
deposition temperature, buffer, and substrate preparation were noted. Early protocols
yielded SLBs that contained defects (i.e., holes in the bilayer or abundant fused nanoscale
vesicles) and/or did not maintain the large-scale phase separation that was seen on the GUVs.
The keys parameters for high quality SLB formation were to cool the GUVs, the imaging
buffers, and the glass coverslip prior to fusion in sucrose-rich solution with trace CaCl2, as
detailed in the Methods section. For example, when we deposited GUVs from the 50°C
incubator to the room-temperature glass coverslip, the SLBs consistently demonstrated a
phase separation with the Ld phase at the center of the SLB patch while the perimeter of the
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SLB patch was preferentially Lo phase. SLB formation from GUV fusion in the presence of
sucrose solution resulted in smoother SLBs than when an ionic buffer was used; small
vesicles of sub-micron diameter covered the SLB patches when PBS was present during SLB
formation.

3.2) Temperature induced phase changes
A convenient method for dynamically varying the differences between the phases in
a single sample is to change the sample temperature. As the temperature increased, the
fluorescence emission from the Ld and Lo phases became more similar (Fig. 1), as expected
(Gunderson and Honerkamp-Smith, 2018). This is consistent with the increasing
temperature resulting in less compositional difference and a shorter tie-line separating the
phases. When the temperature was held above Tm, the two phases mixed into a single liquid
phase (L).
The majority of SLBs with a 1:1:2 molar ratio of DiPhyPC:DPPC:cholesterol
demonstrated phase mixing with a uniform fluorescence emission across the sample after
the temperature was maintained at 40 °C for 20 min. However, the large domains of
area >100 μm2 were unable to fully mix during this time and maintained partial phase
separation throughout our observation (Fig. 1C).
As the temperature was decreased from 40 °C to 30 °C for 1:1:2 SLBs, domains
typically became optically identifiable and enlarged within 5 min (Fig. 1D). The domain size
did not grow larger than nanoscale in diameter upon cooling, as discussed below. Typically,
the locations of domain formation after cooling were random and not dependent to the initial
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domain locations. However, large domains that were not completely mixed at 40 °C
demonstrated Lo phases preferentially forming at the prior Lo regions.

Figure 1: The coexisting phases of in an SLB with 1:1:2 molar ratio of DiPhyPC:DPPC:cholesterol mix upon heating
and reform upon cooling. Below 35 °C, the bilayer is phase-separated into Ld (bright) and Lo (dim) phases. These panels
are shown in the order in which they were acquired with approximately 50 min between frame. Scale bar, 5 μm.

SLBs with composition 2:2:1 molar ratio of DiPhyPC:DPPC:cholesterol had Tm above
40 °C. The coexisting Lo and Ld phases remained sharply defined after 20 min at 40 °C. These
cholesterol-poor membranes showed consistent and large differences between the phases
while changing temperature; the phase boundaries were always clearly defined.

3.3) Aggregate identification and removal
Voronoi diagrams were created by dividing the imaged area into polygons such that
each individual polygon represents all the area of the image that is closest to a singlemolecule localization. Voronoi diagrams were used to plot super-resolution images while the
polygon area represents the localization density without a bias of binning. The lateral
variations across the Voroni images of DPPE-TR localizations in a POPC bilayer are
consistent with random sampling density variations expected from the total number of
localizations acquired (Fig. 2a). However, a non-random distribution of DPPE-TR
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localizations were observed in DiPhyPC bilayers (Fig. 2b). Unlike the super-resolution
images of the POPC bilayer, the super-resolution images of DiPhyPC showed 100 nm
diameter regions of dense localizations, which we label as aggregates of DPPE-TR.
Quantification of the aggregates was performed by calculating the spatial
autocorrelation (gs) and its integral (Eqs. 1 and 2). Random distributions of localizations
yield gs = 1 that represents no increased probability of finding a localization in the area
immediately surrounding another localization. Aggregates, however, alter gs because
localizations are more likely to be found close together. The shape of gs reveals the size and
density of the average aggregate such that the area under gs measures the increased
localization density in an aggregate compared to the sample average. The aggregates within
DiPhyPC-containing SLBs were 63 ± 13 nm diameter, as measured by exponential fitting
(Shelby et al., 2013), and contained N = 20 ± 1 localization each (Fig. 2D and E).
DRD was calculated for the aggregates and the surrounding membrane separately. DRD
of the aggregates was a magnitude slower than the DRD of the surrounding membrane. The
aggregates did not represent the lipid diffusion of the bulk membrane.
A threshold density of localizations (ρth) was used to identify aggregation. All
localizations from the regions of the SLB that displayed localization rates above ρth were
removed to provide an aggregate-free assessment of the single-lipid diffusion. Smaller
values of ρth resulted in smaller values of N from the remaining localizations. ρth was
determined to be the largest value that provided N ≤ 3. ρth varied between 430 – 82000
localizations μm-2 s-1 depending on the number of aggregates present, the experiment
duration, the laser power, and the fluorophore density. After the aggregates and long
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trajectories were removed, DMSD increased by (1.7 ± 0.6)x for DiPhyPC at 14 °C and (1.4 ±
0.3)x at 28 °C (Fig. 2F).

Figure 2: Aggregation was observed in membranes with DiPhyPC. (A) A Voronoi plot of the DPPE-TR localizations in a
POPC bilayer at 25 °C. Voronoi plots of DPPE-TR localizations in DiPhyPC bilayers at 14 °C (B) without and (C) with
aggregates removed. (D) Spatial autocorrelations of localizations while increasing pth and the fraction of localizations
removed (arrow). (E) The localizations per aggregate (N) and the resulting fraction of localizations removed for increasing
pth. The greatest pth value that yielded N ≤ 3 (star) was used for further analysis. (F) MSD for DPPE-TR in DiPhyPC SLBs with
and without aggregates included at 14 °C and 28 °C. (A-C) Scale bars, 1 μm.

Aggregates appeared in all DiPhyPC-containing membranes (i.e., 1:0:0, 1:1:2, and
2:2:1) and with a greater abundance when the tie-line between coexisting phases was longer
(Fig. 3). As the temperature was increased, the number of aggregates present on the
membrane decreased. As the cholesterol concentration in membrane was increased, the
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number of aggregates present on membrane increased. However, there was no significant
difference in aggregate percentage between Ld and Lo domains (Fig. 4).

Figure 3: Aggregate are present in membranes with DiPhyPC. A representative Voronoi display of DPPE-TR
localizations in a 1:1:2 SLB Ld phase at 20 °C (A) without and (B) with aggregates removed. Scale bar, 0.5 μm. The fraction
of the removed (C) localizations and (D) SLB area shows more aggregates removed when the tie-lines were longer. Marker
hatching indicates the lipid phase: empty = L; backslash = Lo; forward slash = Ld. Linear fits are shown to guide the eye.

3.4) Diffusion vs. phase
DMSD after aggregate removal procedure for all tested membrane compositions and
temperatures were calculated (Tables S1 and S2). The diffusion difference between the L d
and Lo phases was more significant for membranes with less cholesterol in which the tielines were longer. The ratio of DMSD from the Ld and Lo phases was 1.8 ± 0.6 at both 14 °C and
28 °C for 2:2:1 SLBs. The higher cholesterol, 1:1:2 SLBs displayed no significant difference in
DMSD from the Ld and Lo regions (Fig. 5).
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Figure 4: MSD vs Δt for (A) 2:2:1 and (B) 1:1:2 SLBs. Linear fits represent the short-time (Δt = 1.9-3.8 ms) fit.

3.5) Diffusion vs. temperature
Increasing the sample temperature increased the single-lipid diffusion in all tested
conditions (Fig. 5). The linear fitting to all samples revealed a 0.037 ± 0.02 μm2/s/°C increase
in diffusion with temperature between 14 and 37°C. A more sophisticated analysis
incorporates the use if the free area model derived from the kinetic theory of gas, which
assuming that diffusion occurs when lipids hop to a surrounding transient void or free area
that is created by a thermal density fluctuation (Galla et al., 1979). Since lipid hopping is an
activated process dominated by van der Waal’s interactions, activation energy (EA)
represents the energy barrier lipids overcome for hopping between initial and final states
that describe molecular-scale lipid translation (Macedo and Litovitz, 1965; Vaz et al., 1985).
Thus the diffusion coefficient vs. temperature can be described by the Arrhenius equation
(Bag et al., 2013):

𝐸

𝐷 = 𝐷0 exp(− 𝑅𝑇𝐴 ).

(Eq. 7)
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EA represents the activation energy, and D0 represents the diffusion rate at very high
temperatures. Fitting this exponential yielded temperature-independent values for EA and
D0 that are consistent with prior studies. As expected for fitting this space data, the results
of fitting Eq. 7 are useful to guide the eye, but do not provide meaningful fit values of EA or
D0 to compare between samples.

Figure 5: The diffusion constants measured for varying composition, phase, temperature, and techniques.
Color indicates the DiPhyPC:DPPC:cholesterol molar ratios. Marker shape indicates the technique: square = DMSD; circle =
DRD; diamond = DFCS. Marker hatching indicates the lipid phase: empty = L; backslash = Lo; forward slash = Ld. Fits of Eq. 7
are shown for each phase. Error bars represent the standard error of repeated measurements (N ≥ 3).

3.5) Diffusion results from FCS
FCS provides a measure of single-lipid diffusion averaged over a diffraction-limited spot of
300 nm diameter. Because the phases diffuse slowly on SLBs, a location on the SLB could be
assessed by fluorescence imaging to be of Ld, Lo, or mixed L phase prior to performing FCS.
FCS revealed the diffusion of DPPE-TR to be 2x faster for POPC than DiPhyPC SLBs; DFCS = 4.9
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± 0.2 µm2/s and 2.5 ± 0.8 µm2/s, respectively (Table S1 and Fig. 6). DFCS was faster for the Ld
vs. the Lo phases, although not significantly for the cholesterol-rich sample. DFCS was (1.6 ±
0.5)x faster for Ld vs. Lo phases in the 2:2:1 SLBs and (1.1 ± 0.4)x for the 1:1:2 SLBs. This
result is consistent in demonstrating is a greater difference in diffusion between the L d and
Lo phases for a membrane that has less cholesterol and a longer tie-line.

3.6) Rayleigh distributions vs MSD analysis
MSD and Rayleigh distribution analysis of SPT results provided different precision in
revealing the spatial resolution of diffusion differences. DMSD and DRD were compared for all
membrane composition, temperature, and phases (Fig. 5). The mean difference between the
two studies was 19%, with a maximum difference of 32%, which is comparable to the
certainty of any single measurement. As described here, MSD provides greater accuracy in
finding D and inherently corrects for the localization uncertainty by not assuming MSD = 0
when Δt = 0. Rayleigh distribution analysis, however, provides greater resolution in spatially
varying D. To provide the most accurate comparisons between these methods, the
assumption was made that the localization uncertainty as measured by ThunderSTORM (σr)
was the sole method source of non-zero MSD values at Δt = 0. Accordingly, the MSD linear
fitting and the single-step length histogram Rayleigh distribution fitting incorporated the
same σr.
MSD analysis typically averages a particle’s trajectory (or the average of many
particles’ trajectories) to measure DMSD. By fitting different values of Δt, MSD analysis offers
the ability to resolve diffusion at varying time scales and observe anomalous sub-diffusion
or directed diffusion. Here, MSD was fit to Δt values between 2 and 4 ms to provide the most
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similarity in time scale the Rayleigh distribution analysis, which exclusively looks at Δt = 2
ms. An extended discussion about the tradeoffs between spatial resolution and diffusion rate
measurement precision is provided below.

4) DISCUSSION
4.1) Phase separation on SLBs
Unlike domains on GUVs, all resolvable lipid phase domains in SLBs were immobile on the
time scale of our experiments (<2 hr). The glass substrate and bottom leaflet interaction was
too strong for optically resolvable domains to move or coalescence, consistent with previous
observations (Gunderson and Honerkamp-Smith, 2018). The immobile domains are
convenient for correlating single-lipid diffusion with phase boundaries due to the minimal
diffusion of the phases boundary during SPT data acquisition; however, single-lipid diffusion
itself is also affected by and the membrane-substrate interaction. Lipids in GUVs diffuse 3x
faster than lipids in SLBs (Beckers et al., 2020) and DPPE-TR in the top leaflet only was 1.2
± 0.1x faster than when in both leaflets (Woodward et al., 2018). If there was an equal
contribution from DPPE-TR in both leaflets of the SLB, then the DPPE-TR in the top leaflet
diffused 1.5x faster than DPPE-TR in the bottom leaflet.
Lipid domain formation upon cooling was spatially correlated with but not fully
determined by the domain distribution prior to heating. Regardless of the initial domain
distribution , we did not observe large domains (radius > 1 µm) form upon cooling from wellmixed warm SLBs. The domains from well-mixed SLBs grew up to a size near the diffractionlimited imaging resolution; the domains were clearly present but their sizes was difficult to
determine due to both optical blurring and their non-circular shape. Substrate effects have
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shown to raise Tm with a leaflet and lipid-type dependency such that not all lipids were well
mixed after heating even when a uniform fluorescence emission was observed (Gunderson
and Honerkamp-Smith, 2018). This effect may be amplified when Ca2+ is present and lipid
pinning sites could occur.
The slower temperature changes and increased duration at warm temperatures
decreased the spatial correlation of domain locations upon thermal cycling, as shown
previously (Stanich et al., 2013). However, the substrate-membrane interaction consistently
caused all optically resolvable domains to be immobile and prevented their growth by
domain merger. Additionally, the surface roughness of the substrate may have increased the
domain nucleation rate (Goodchild et al., 2019), resulting in nanoscale domains present
across the membrane instead of macroscale domains forming gradual accretion. For
example, phase-separated SLBs domains on glass or nanoscale roughened mica are orders
of magnitude smaller than on mica; the membrane domain size was more correlated to
substrate roughness rather than surface chemistry (Goodchild et al., 2019).

4.2) Causes of aggregation
There are many reasons for biomolecules to form clusters and demonstrate confined
motion on membranes. These include interactions with the supporting substrates (Beckers
et al., 2020; Wawrezinieck et al., 2005), the nonspecific lipid-lipid interactions (Jan
Akhunzada et al., 2019; Scherer et al., 2015; Spillane et al., 2014), and specific lipid
crosslinking (Štefl et al., 2012). For example, even bilayers with ≤2 % GM1 form isolated
nanodomains within larger lipid phases (Yuan and Johnston, 2001; Yuan et al., 2002). These
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oligomers were likely to mix with sparse phosphatidylcholine and form nanodomains (Sun
et al., 2015).
Similarly, Rhodamine-labeled lipids also form oligomers and grow into nanodomains
due to the interactions of their extended aromatic moiety (Jan Akhunzada et al., 2019), which
may be enhanced by membrane curvature (Woodward et al., 2018). The Texas Red-labeled
lipids used here are similar in fluorophore structure with Rhodamine-labeled lipids and
contain saturated acyl tails, which have also been correlated with nanodomains within
extended lipid phases (Sodt et al., 2014; Wu et al., 2016).
Beside packing preference by molecule properties, light could also induce phase
separations via lipid peroxidation that is accelerated by fluorophores (Ayuyan and Cohen,
2006; Zhao et al., 2007). For example, some fluorophores such as Bodipy, DiO, DiI, Texas Red,
and napthopyrene cause light-induced chemical changes to the membrane, such as
fluorophore-enhanced oxidization rate of the unsaturated acyl tails (Zhao et al., 2007).
Accordingly, DiPhyPC is frequently used for fluorescence-based diffusion studies because it
provides a highly disordered acyl structure without carbon-carbon double bonds (Lindsey
et al., 1979) and resists light-induced chemical changes.
DPPE-TR and light-induced aggregates are non-linearly dependent on the DPPE-TR
concentration; the domain formation was 50x faster when 0.8 mol% rather than 0.15 mol%
DPPE-TR was present (Zhao et al., 2007). The 15 mW of 561 nm wavelength light used here
for 3 min of observation in the presence of 0.1 mol% DPPE-TR would be sufficient to cause
light-induced alterations to the membrane phase behavior in the presence of unsaturated
phospholipids. Our use of DiPhyPC was designed to minimize these light effects.
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Lipid aggregates were previously seen more abundant in Lo domains (Wu et al., 2016),
yet no correlation between lipid phases and aggregates were observed here. We et al.
tracked single-lipid dynamics by labeling lipids with 40 nm diameter gold nanoparticles and
obtained long trajectories. Their observation of phase-dependent aggregation may have
been enhanced by multiple lipids per nanoparticle, but the full ramifications of nanoparticle
valency remain unknown. The parameters that determine aggregate formation are complex
and depend on more than just the lipid phase. For example, the greater abundance of
aggregates in the DiPhyPC vs POPC bilayers shown here are of unknown cause and worthy
of further examination.

4.3) Single-lipid diffusion
Single-lipid diffusion provides a detailed examination of the behavior of individual molecules
with the possibility to resolve variations between diffusion modes, sample heterogeneity,
and non-Brownian behaviors. Single-particle trajectories were analyzed via both MSD and
Rayleigh distribution analyses, which provide complimentary information on the lipid
mobility. MSD analysis may provide better inherent correction for the single-particle
localization precision whereas Rayleigh distribution provides better spatial resolution of the
effective local viscosity.
Confined single-molecule trajectories were observed coincidently with lipid aggregates.
When single-particle tracking was performed with long trajectories (i.e., over 100 steps per
trajectory), the downward curvature of the MSD vs. Δt, local variations in the diffusion rate,
or transient spatial confinement may be directly observed to reveal aggregation (Simson et
al., 1995; Wu et al., 1977). Trajectories of fewer steps are amendable to detecting aggregates
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through analysis of the histogram of single-step lengths and comparison to Rayleigh
distributions (Eq. 4). Aggregates displayed shorter step lengths than freely diffusing lipids,
and the histogram of step lengths are best fit when multiple diffusers are assumed to be
present (Spillane et al., 2014). Multiple-population fitting can yield the relative speed and
abundance of each type of diffuser; however, single-step analysis requires each population
to be > 5 % of the total and the diffusers to demonstrate >10x difference in diffusion rates
for reliable separation of the populations. Since this was not present in many of our SLBs, we
alternatively relied on the varying localization rate for aggregates vs. the surrounding SLB
to identify and exclude the aggregates from further analysis.

4.3.1) MSD result matches pre-existed diffusion studies
Lipid diffusion rates increase with temperature have been shown from previous studies (Bag
et al., 2013; Sengupta et al., 2008; Tamm, 1988). Theoretical models to understand lipid
diffusion in the quasi-2D membrane include Stokes-Einstein relations for small diffusers and
Saffman-Delbruik for large diffusers in a membrane that is well approximated by a
continuum of known viscosity. However, the viscosity as a function of composition and
temperature is not measured here.
All the EA results in our study are within the ranges of previous studies (Table 2) (Bag
et al., 2013; Filippov et al., 2003). The EA was shown to be less in Ld domain (Filippov et al.,
2003), which is not significant in our study.
Prior analyses of diffusion in phase-separated lipid bilayers show cholesterol content
changes slow diffusion in Lo phases and minimally affect diffusion in the Ld phase (Kahya et
al., 2003; Scherfeld et al., 2003). In our study, 2:2:1 SLBs of Ld displayed DPPE-TR diffusion
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twice as fast as in 1:1:2 SLBs of Ld and no significant differences between the two Lo phases,
in contrast to prior observations. In other words, we report that increasing cholesterol
content slowed the diffusion coefficient for the Ld phase but not the Lo phase.
The 2:2:1 SLBs displayed faster DPPE-TR diffusion in Ld vs. Lo at ratios similar to seen
previously (Dietrich et al., 2001). When the cholesterol content increased to 50% of the
bilayer, (i.e., in 1:1:2 SLBs), the difference between Ld and Lo diffusion became
indistinguishable for all tested temperatures, which is consistent with earlier work that FCS
showed single population diffusion at GUV poles when the cholesterol content was above the
co-existing phase region in the ternary phase diagram (Scherfeld et al., 2003). This could be
explained as the tie-line for 1:1:2 SLBs are shorter than 2:2:1 SLBs, resulting in the increased
similarity between Lo and Ld for 1:1:2 than 2:2:1 SLBs. Interestingly, the diffusion in Lo and
Ld of 2:2:1 SLBs was more similar prior to aggregate removal, implying that the aggregates
were a significant portion of the single-molecule trajectories prior to their removal and that
the aggregates displayed similar diffusive properties regardless of the lipid phase in which
they were embedded.

4.3.2) Comparison between DMSD, DRD, and DFCS.
DFCS of DPPE-TR in POPC was 1.5 ± 0.5 times faster than DMSD and DRD. The DFCS values
for POPC were most consistent with prior reports (Guo et al., 2008), perhaps due to the
subset of diffusers that the varying detection methods emphasize. It is common that FCS
reports faster diffusion than SPT studies because DFCS does not incorporate immobile or
highly confined diffusive subpopulations, whereas SPT typically does.
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DMSD and DRD displayed consistent trends in comparing lipid phases and varying
temperatures. DMSD and DRD varied by 18 ± 9%, which is typically within the experimental
uncertainty for measuring the diffusion coefficient by any single method. MSD analyses are
typically more precise than single-step length distribution analysis for homogeneous
membranes due to the increased averaging and decreased influence of localization
uncertainty. There were consistent differences between DMSD and DRD that depended on the
rate of diffusion. Typically, when DMSD was > 1 μm2/s, DMSD was 1.2 ± 0.1 times larger than
DRD, and DMSD was otherwise less than DRD. This systematic variation between DMSD and DRD
remains unexplained but could be a coincidence in our analyses.
The primary advantage of single-step length distribution analysis over MSD analysis
is the accounting for heterogeneous membranes, and the greater spatial resolution singlestep length distribution analysis provides. For example, single-step-length distribution
analysis has been used to reveal the diffusion in 25 nm bins surrounding nanoscale
membrane curvature (Kabbani and Kelly, 2017b; Kabbani et al., 2017; Woodward and Kelly,
2020; Woodward et al., 2018). Further use and analysis of the single-step length distribution
analysis for providing spatial resolution in heterogeneous membranes are provided in our
companion manuscript (Woodward and Kelly, 2020).
To demonstrate the tradeoff between spatial resolution and precision in determining
D, let us consider a hypothetical diffuser measured by SPT with varying analysis methods. If
a Brownian diffuser of D = 5 μm2/s was measured at 100 Hz over a trajectory that lasted 100
frames, the diffuser would be expected to traverse >4 μm, which would result in an averaging
of spatial variations in diffusion across this distance for typical MSD analysis. However, as
each step of this hypothetical diffuser moves on average 200 nm, a fitting of the step length
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histogram with a Rayleigh distribution would inherently create a spatial averaging over this
length. This example demonstrates the 20x improvement in spatial resolution for Rayleigh
distribution vs MSD analysis.
The certainty with which D is determined, however, is typically better MSD vs
Rayleigh distribution analysis. This can be approximated through simple statistical
considerations. For example, if the linear spatial resolution of a technique improves by 20x,
then the number of data points from a given data set that contributes to each calculation of
D in a given area is reduced by 400x. Given that fitting to find DRD is a Poisson noise
dominated process, the 400x reduction in number of data points will result in a 20x
reduction in fitting accuracy. Accordingly, the gains in linear spatial resolution is matched by
a decrease in precision determining D. Unlike traditional MSD analyses, Rayleigh
distribution fitting can be performed by averaging the step lengths over whatever area of
the sample is warranted by the experimental details with this trade-off in mind.

4.3.3) Temperature affects diffusion
The diffusion of DPPE-TR was faster at higher temperatures for all compositions
tested. The fractional changes in DMSD with temperature did not change with varying SLB
composition or phase. The number of data points acquired here were not sufficient to
uniquely distinguish between the D0 and Ea values of each composition. However, it is
interesting to note that the Ea for the __ phase was consistently higher than the __ phase by
an average of factor of ___. Although an Arrhenius analysis is more robust, a naive linear
fitting demonstrated a consistent 0.037 ± 0.02 μm2/sec/°C change in D with temperature
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(Fig. S##?). This slope provides a handy rule of thumb for comparing experiments with
varying temperature without temperature induced first-order phase transitions.

4.3.4) Composition affects diffusion
When the tie-line between co-existing phases was longer, their difference between the
diffusion was greater. Unlike the 2:2:1 SLBs, the high cholesterol and short tie-line 1:1:2 SLBs
displayed no significant difference in the diffusion rate between the Ld and Lo phases. In
neither the 1:1:2 nor 2:2:1 SLBs was there a difference in the aggregation between the Ld
and Lo phases. However, the 1:1:2 SLBs demonstrated greater aggregation than the 2:2:1
SLBs at any given temperature (Fig. 3).

5) CONCLUSIONS
We report and compare analysis methods for studying the diffusion for phase-separated
bilayers as a function of temperature and composition. Diffusion increased as we raised the
temperature. Increasing the cholesterol content in the membrane slows the diffusion in L d
phases. The difference in diffusion between the Lo and Ld phases became less significant as
the cholesterol content increase in the bilayer. In this study, the Rayleigh distribution
analyses were consistent with the MSD results; however, Rayleigh distribution analyses have
yield improved spatial resolution in heterogeneous samples at the cost of accuracy in
determining the diffusion coefficient in homogenous samples. DiPhyPC-containing
membranes displayed nanoscale fluorescent lipid aggregation in both Lo and Ld domains.
These aggregations were culled via localization rate thresholding. The single-lipid diffusion
was analyzed with and without the aggregates culled.
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Future studies will utilize the methods developed here to resolve the interplay between lipid
phases and nanoscale membrane curvature (Woodward and Kelly, 2020). The results of this
manuscript are key to resolving the differences between aggregation and membrane
curvature while providing spatial resolution across the model membranes.
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7) ABBREVIATIONS
DiPhyPC: 1,2-diphytanoyl-sn-glycero-3-phosphocholine
DPPC: dipalmitoylphosphatidylcholine
DPPE-TR: Dihexadecanoyl-Glycero-3-Phosphoethanolamine
SLB: supported lipid bilayer
GUV: giant unilamellar vesicle
MSD: mean squared displacement
NP: nanoparticle
SPT: single-particle tracking
FCS: fluorescent correlation spectroscopy
Ld: liquid dis-ordered domain
Lo: liquid ordered domain
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L: liquid domain
r: distance away from NP center
POPC: palmitoyl-oleoyl-glycero-phosphocholine
TF-PPC:

1-palmitoyl-2-(dipyrrometheneboron

difluoride)undecanoyl-sn-glycero-3-

phosphocholine
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SUPPLEMENTAL MATERIAL for manuscript III

This figure is from (Nagle 2013) and it references (Uppamoochikkal, Tristram-Nagle, and
Nagle 2010). I’m not sure if we need a figure like this in the paper or in the supplemental. I
included a reference to this paper in the manuscript.
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Figure S1: Localizations and the mapped 2D diffusion (A) before and (B) after aggregate
removal process. Sample from 1:0:0 SLB at 14 °C. Color bar represents the diffusion
coefficient in log scale. The spatial diffusion coefficient was compared before and after the
removal of aggregates and long trajectories. Each step was identified by the center of the
step location and grouped into a 50 x 50 nm2 bin. The histogram of step lengths within each
bin were fitted to the Raleigh distribution to calculate the diffusion coefficient with imaging
blur and localization uncertainty corrections.

Table S1: FCS diffusion results.
Composition
POPC
1:0:0
2:2:1
2:2:1
1:1:2
1:1:2

Temperature
(°C)
25
25
25
25
25
25

Phase
L
L
Ld
Lo
Ld
Lo

DFCS(μm2/s)
4.9±0.2
2.5±0.8
1.7±0.5
1.1±0.1
1.2±0.3
1.0±0.2
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Table 1: SPT diffusion results after aggregate removal.
Composition Temperature (°C)
POPC
25
1:0:0
14
1:0:0
28
2:2:1
14
2:2:1
14
2:2:1
28
2:2:1
28
1:1:2
20
1:1:2
20
1:1:2
27
1:1:2
27
1:1:2
37

Phase
L
L
L
Ld
Lo
Ld
Lo
Ld
Lo
Ld
Lo
L

DRD (μm2/s)
3.1±0.4
1.2±0.2
2.3±0.2
0.7±0.1
0.4±0.1
1.5±0.2
1.0±0.1
0.6±0.2
0.6±0.2
1.0±0.2
0.9±0.1
1.2±0.1

DMSD (μm2/s)
3.2±1.2
1.7±0.2
3.0±0.1
0.9±0.2
0.5±0.1
1.6±0.4
0.9±0.1
0.5±0.3
0.5±0.2
0.8±0.3
0.7±0.1
0.9±0.1

Table S2: D0 and EA for 2:2:1 and 1:1:2 SLBs based on DMSD.
Composition
2:2:1
2:2:1
1:1:2
1:1:2

Change in
Temperature (°C)
14
14
7
7

Phase
Ld
Lo
Ld
Lo

D0 (105
μm2/s)
2.1±0.7
1.5±0.4
2800±1500
9.2±3.9

EA (kJ/mol)
29.5±9.9
30.2±6.9
49.1±26.9
35.1±14.9
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1) INTRODUCTION
Live-cell plasma membranes phase separates into liquid co-existing domains when
separated from the underlying cytoskeleton (1, 2). These domains are thought to be critical
for cell functions such as protein sorting, cell signaling, membrane budding, and retrovirus
replication (3–6). For a better understanding of the co-existing liquid phases, many studies
use model membranes with known lipid mixtures for precise analyses (7–11).
The model membranes are frequently designed to have a liquid-ordered phase (Lo)
and a liquid disordered phase (Ld) by containing three lipid types: a phospholipid with a high
melting temperature, a phospholipid with a low melting temperature, and a sterol. A ternary
phase diagram describes the co-existing phases for each composition at a given temperature
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and membrane tension. The lipid with high melting temperatures is concentrated in the Lo
phase, whereas the Ld phase concentrates the low melting temperature lipid. The most
commonly used sterol in the model membrane is cholesterol, as it is abundant in animals.
Typically, cholesterol has a preference for the Lo phase, as shown by the slope of the tie-line.
The acyl tails in the Lo phase are more structured compared to low melting temperature
lipids, which leads to the Lo phase has higher bending rigidity (12–14). The co-existed phases
exist below a miscibility transition temperature (Tm), and lipids mix when temperature
above Tm.
Phase-separated giant unilamellar vesicles (GUVs) have shown curvature based on
phase separations because of the difference in bending rigidity between Ld and Lo phases (9,
12). A cost-benefit analysis of the physical mechanisms of membrane curvature reveals the
interplay between curvature and phase separation in which curvature can drive phase
separation or visa Versa. When lipid bilayers were formed on an engineered glass or PMMA
substrates, the curved regions appeared to be concentrated in unsaturated, disordered lipids
even while the planar surroundings of the curvature concentrated the Lo phase (15–17).
These studies suggest Ld-preferring lipids sorts to curvature in physiological scales.
However, endocytic processes with 50-nm radii of curvature are frequently correlated with
Lo-preferring lipids in live cells. The detailed sorting properties of lipids, including the
diffusion, partitioning percentage, and temperature response, are remaining unknown and
of fundamental interest for connecting model membranes to live cells.
Lipids and phases sorting relative to curvature can be modeled through free energy
minimization of a Hamiltonian consisting of three terms: membrane height fluctuations via
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the Helfrich form (18); local compositional fluctuations via a fourth-order Landau expansion;
and curvature-composition coupling, as described previously (19),

𝜅

𝜎

𝐴

𝐵

ℋ = ∫ [2 (𝛻 2 ℎ)2 + 2 (𝛻ℎ)2 + 2 𝜑 2 + 2 (𝛻𝜑)2 + 𝐶𝜑 4 + 𝛾𝜑(𝛻 2 ℎ)] 𝑑𝑥𝑑𝑦.

(Eq. 1)

Eq. 1 includes the membrane height (h), bending rigidity (𝜅), the surface tension (𝜎), phase
(𝜑), Landau phase constants (A, B, and C), and coupling strength (𝛾). Monte Carlo simulation
of a phase-separated membrane coupled to local membrane curvature confirmed that
curvature-composition coupling induces disordered fluid phase with a characteristic scale
of 100 nm at typical values of 𝜅 and 𝜎 (19). Further, this analysis has shown phase-curvature
coupling in systems that are of temperature slightly greater than Tm.
In phases separated lipid bilayers, lipid diffusion in the Ld phase was 2-10x faster than
lipids in the Lo phase (20). Variations in these experiments came from composition of lipid
bilayers (i.e., concentration of cholesterol), the fluorescent lipids tracked, and the substrate
topography (11, 21–24). In our previous studies, diffusion in the Ld phase was observed
about twice as fast as in the Lo phase at 14 °C, with decreasing differences at higher
temperatures higher cholesterol content (25). No significant difference in diffusion was
observed when the membrane contains 50 mol% cholesterol even through there is phase
separation (25).
Confinement and multiple populations of diffusers have been found in membranes.
Some lipids and proteins have distinct physical properties and tend to form nanoscale
domains in the membrane (26–28). For example, lipids confinement was found in the Lo
phase based on saturated lipids interaction (11, 29). The light could also induce domains via
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lipids peroxidation (30, 31). Fluorophores such as Texas Red, Bodipy, DiO, DiI, etc. are known
to facilitate light-induced aggregates (31). The aggregate size and diffusion in aggregates
were typically averaged into reported diffusion results. However, our prior report
demonstrated the removal of aggregates via analysis of the single-lipid localization rate to
reveal differences between phases that were otherwise clouded by the aggregate
contribution (25).
The influence of membrane curvature on single-lipid diffusion has been studied in
well-defined geometries. Diffusion typically slows on cylindrical membranes when the radii
are smaller than 50 nm, and the diffusion decreases as the radii decreases (32). Some
fluorescent lipids slow on spherical membranes with a 100-nm radius (33, 34). Our recent
work indicates that fluorescent lipid diffusion at curvature relative to planar SLBs is highly
correlated to its fluorophore location on the labeled lipid. For example, head-group labeled
lipids diffuse one-third of the fraction at curvature site relative to the flat bilayer, and tail
labeled lipids remain the same relative to planar bilayer (34).
In this manuscript, both diffusion and sorting of fluorescent lipids on nanoscale membrane
curvatures are quantified, aiming to further understand the relationship between phase
separation and membrane curvature at a physiological length scale. Membrane curvature
was generated by depositing phase-separated GUVs onto polystyrene NPs with a 50 nm
radius, and sample temperature was manipulated. The intensity of the curvature of the
diffraction-limited image was studied for sorting, and SPT was used to study single
fluorescent lipid diffusion. We verified that disorder preferring lipids sorts to curvature,
even if the curvature located in the Ld phase, and the sorting is more obvious at the Lo
surrounding curvatures. The diffusion at membrane curvature is up to 2.2x faster than
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planar bilayer when the temperature below Tm, relative to 3x slower for POPC bilayer at
25 °C. A phase-curvature coupling Mote Carlo simulation was consistent with the
experimental results and further elucidate the interplay between tie-line length and phasecurvature coupling.

2) MATERIALS AND METHODS
2.1) GUV formation
1,2-diphytanoyl-sn-glycero-3-phosphocholine
dioleoyl-glycero-3-phosphocholine

(DOPC;

(DiPhyPC; Avanti
Avanti

Polar lipids),

Polar

lipids),

dipalmitoylphosphatidylcholine (DPPC; Avanti Polar lipids) and cholesterol (Avanti Polar
lipids) are used to create phase-separated GUVs. Fluorescent lipid 1,2-dipalmitoyl-snglycerophosphoethanolamine Texas Red (DPPE-TR, Life Technologies) with a mole fraction
of 0.1% was used for labeling for all DiPhyPC embedded membrane and 1-palmitoyl-2(dipyrrometheneboron

difluoride)undecanoylsn-glycero-3-phosphocholine

(TF-PPC;

Avanti Polar lipids) with mole fraction of 0.2 % was used to label the DOPC embedded
membrane. Both DPPE-TR and TF-PPC are Ld preferring lipids (35, 36). Three bilayer
compositions were used for sorting study, including 2:2:1, 7:7:6, and 1:1:2 molar ratios of
DiPhyPC:DPPC:cholesterol. All other chemicals were bought from Sigma Aldrich. Milli-Q
water with a resistivity of 18 mΩ was used unless mentioned otherwise.
All samples were created by GUV fusion on a glass coverslip. GUVs making protocol
was adapted from previous inventions (37). Lipids were combined into the desired ratio in
chloroform with a concentration of 5 mg/mL and dried onto two of the electric conducting
indium tin oxide coated glass plates. A trimmed silicon sheet was added between the plates
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and stabilized by clips to create a chamber. The chamber was then filled with a 200 mM
sucrose solution and electroformed at 55 °C with an AC signal with Vrms 3V at 10 Hz for 1 hr.
The GUV solution had a concentration of 13 mg/mL after fully electroformed. They were
taken out of the chamber and stored at the same temperature through sample preparation.
GUV solution was used up to 2 days.

2.2) Sample dish preparation
All SLBs were formed and imaged on glass-bottom dishes (MatTek Corp.). Dishes
were rinsed with ethanol, blown dry by a nitrogen stream, then placed in air plasma (Harrick
Plasma) for 10 sec to create a hydrophilic surface. 20 µL of 5 mM CaCl2 was spun on a glass
substrate at 100 rpm and followed up with a solution of NPs was consisted of 405 nm NP
(Fluoro-Max; Fisher Scientific) for supporting lipid bilayers and multi-colored NP
(TetraSpeck, ThermoFisher Scientific Technologies) for stage drift correction. The substrate
kept spinning for a minute after NP deposition and dried on a hot plate at 35 °C for 5 min
until all liquid evaporated. The dishes were then chilled to room temperature for GUV
deposition.

2.2) SLB formation
GUV solution was taken out of the incubator and placed in the refrigerator at 4 °C for
2 minutes to assist the macro-domain formation. 5 µL of GUV solution was then deposited to
the sample dish at room temperature and followed up with 50 µL of 4 °C Milli-Q water. The
dish was then chilled again at 4 °C for 15 min before rinsed gently with 5mL of 200 mM
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sucrose. All membranes used in this study had the fluorescent lipids incorporated into both
leaflets of the bilayer.

2.4) Temperature control
A Peltier temperature control dish holder was used along with a self-assembled insulated
dish cover with a thermal couple embedded. Once the dish cover is placed on the sample
dish, the thermal couple would merge into the solution, and the tip was 0.2 mm above the
center of the glass dish. All the cooling and heating devices were controlled via a custom
LabVIEW program. The sample temperature reported by thermocouple indicated that the
dish was cooled to a minimum temperature between 14 °C to 20 °C, depending on the room
condition. Also, the dishes were never heated above 45 °C to protect the objective lens. When
changing temperature, the temperature was set to change 0.5 °C/min to reach the set
temperature and remained at the set temperature for 30 min prior to imaging.
The Peltier dish holder was initially set to 10 °C before any imaging procedure. Ten
minutes after a sample was taken out of the refrigerator at 4 °C and placed on the Peltier dish
holder, the sample temperature reported by thermal couple stabilizes, and imaging with
temperature routine was started. The Peltier temperature was set to be at 10 °C, 30°C, and
45 °C resulted in the thermocouple measuring a temperature of 17 ± 3 °C, 27 ± 1 °C, and 37
± 1 °C, respectively.

2.5) Imaging procedure
The optical setup is described in previous publications (34, 38). It contains an
inverted IX83 microscope with a 100×, 1.49 NA objective (Olympus), a 2× emission path
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magnification (OptoSplit, Cairn Research), and an iXon 897-Ultra EMCCD camera (Andor
Technology). A Hg lamp with an excitation filter (BrightLine single-band filters, Semrock)
provided a large and even illumination of SLBs and was used to acquire diffraction-limited
images for sorting study. The CUBE diode laser systems with wavelengths of 405 and 488
nm (Coherent) along with 561 nm Sapphire laser (Coherent) were used for single
fluorophore

excitation.

The excitation light passed

through a

clean-up filter

(zet405/488/561/647×, Chroma Technology), encountered a quad-band dichroic mirror
(zt405/488/561/647rpc, Chroma Technology), and reflected into the objective. The
emission was isolated via emission filters (BrightLine single-band filters, Semrock) and a 4band notch filter (zet405/488/561/640 m, Chroma Technology), as described previously.
An imaging software SOLIS (Andor Technology) was used to acquire images and movies
with 128 pixels×128 pixels region of interest (ROI) with the kinetic model and EM gain of
150. The images were acquired at 10 Hz for every color channel, and videos with 20,000
frames were acquired at 537 Hz.

2.6) Curvature surrounding domain identification
Each NP was localized via limited-diffraction imaging of the membrane. Since the 2D
projected image has extra membrane density when there is membrane curvature, it appears
brighter than the surrounding membrane even in the absence of any heterogeneity in the
membrane composition (i.e., with a POPC membrane). The diffraction-limited images were
fit to 2D Gaussian to find the exact center of curvature in the membrane color channel.
The intensity at the center of curvature (Ic) is an averaged intensity of the center 9
pixels within 170 nm from the center of curvature (Fig. S2). The surrounding intensity (Is) is
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an averaged intensity of surrounding pixels with 400 ± 56 nm away from curvature. The
increased membrane brightness due to the membrane topography was determined by
inspecting POPC membranes, and sorting measurements were normalized by 𝐼𝑠𝑃𝑂𝑃𝐶 / 𝐼𝑐𝑃𝑂𝑃𝐶 .
The average membrane intensity (<I>) is an average of Ld phase intensity (Id) and Lo phase
intensity (Io); <I> = ½ (Id + Io) to normalize for regions of observation that were dominated
by the Ld or Lo phase in the field of view but not in the membrane as a whole. The lipid phase
surrounding the NP (Ps) is determined by Is/<I>, and the phase of the curvature (Pc) was
determined by Ic / <I> * 𝐼𝑐𝑃𝑂𝑃𝐶 / 𝐼𝑠𝑃𝑂𝑃𝐶 . The NP was said to be surrounded by a Ld phase if Ps
was larger than 1.1, by a Lo phase if Ps was smaller than 0.9, or by a single liquid phase (L) if
0.9 < Ps < 1.1. The SLBs were formed from GUVs of variation of compositions and Tm; Ps
ranged from 0.3 to 3 within single GUV preps. The phase sorting (S) through the normalized
ratio of Ic and Is according to

𝑆=

𝑃𝑐
𝑃𝑠

=

𝐼𝑐
𝐼𝑠

𝐼 𝑃𝑂𝑃𝐶

× 𝐼𝑠𝑃𝑂𝑃𝐶 .
𝑐

(Eq. 2)

2.8) Single-fluorophore localization
The movies with optically isolated fluorescent lipids were imported into Fiji (39). Fiji plugin ThunderSTORM fitted every bright spot in couple pixel size in movies into a 2D Gaussian
function and exported its location, intensity, Gaussian fit width, uncertainty, etc. (40). Only
the localizations with intensity > 100 photons, Gaussian fit width > 15 nm, and location
uncertainty < 45 nm were likely to be fluorescent lipids and are kept for further analysis.
The ThunderSTORM reported fluorophore uncertainty is 24 ± 1 nm. The stage drift during
imaging was corrected by analyzing the motion of the multicolored fiduciary NPs through
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ThunderSTORM fluid marker post process. NP are localized from 405 Channel for potential
membrane curvature location. If the membrane shows extra localization at the NP location
in a super-resolution image, the localization accumulated area is fitted to a 2D Gaussian
function to find the exact curvature center.

2.9) Aggregate removing method
Since both curvature site and aggregate contains extra localization, the localizations
120 nm radius within the curvature center were excluded from the aggregate removing
procedure. The remaining data then went through algorisms used previously to remove
aggregates (25, 41, 42). Localizations were grouped based on its x, y, and time into voxels.
When the number of localizations in a voxel exceeded the localization density threshold (ρth),
localizations that were located at the same xy-region from all-time were removed. The
threshold was varied from 0 to 80 percentiles of the total localizations. For each ρth applied,
a simulated membrane was generated with an evenly distributed localizations except the
removed region. A spatial correlation function was calculated for both the experimental and
simulated membrane and the remaining localizations according to

2

𝑔(𝑟) =

〈𝐹𝐹𝑇 −1 (|𝐹𝐹𝑇(𝐼(𝑟⃗))| )〉𝜃
𝜌2

.

(Eq. 3)

𝐼(𝑟⃗) is the two-dimensional localization histogram, and 𝜌 is the average density. The
average number of localizations per cluster can be calculated by comparing the spatial
correlation of the two.
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𝑔𝑒𝑥𝑝

𝑁 = ∫(𝑔

𝑠𝑖𝑚

− 1)𝑟𝑑𝑟

(Eq. 4)

N was calculated for all localization data sets with varying ρth. The minimum ρth for
which N ≤ 3 was used for the diffusion studies.

2.10) SPT study
The chosen data set is then linked via u-track (43). A maximum search radius of 400
nm was used for the linking algorism. The majority trajectory length is under 20 with a few
over 100 steps. The diffusion coefficient (D) was calculated from long trajectories was
smaller than the trajectories that are a few steps long (44). The longer trajectories are
possibly from oligomers, which were slower than single lipid diffusers. Therefore,
trajectories that are longer than 32 steps were removed from all diffusion studies, resulting
in an average trajectory length of 6 ± 4 steps.
Similar to previous diffusion studies, single step length ν was grouped as distance away from
the center of curvature (r) and fitted to a 2D Maxwell-Boltzmann distribution to find 𝐷𝑓𝑖𝑡 (𝑟)
(33, 34, 45)

𝑅(ν) =

ν
2𝐷𝑓𝑖𝑡 Δt

𝑒

−

ν2
4𝐷𝑓𝑖𝑡 Δt

(Eq. 5)

𝐷𝑓𝑖𝑡 was then imaging blur and localization uncertainty corrected by (Eq. 6) (46–48).
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2

𝐷𝑥𝑦 (𝑟) =

𝜎
𝐷𝑓𝑖𝑡 (𝑟)− 𝑟

(Eq. 6)

2𝛥𝑡
𝑡𝑒𝑥𝑝
1−
3𝛥𝑡

𝐷𝑥𝑦 is the diffusion coefficient observed in xy–projection of the lipid localizations on the 3D
membrane topography. For a precise diffusion at curvature location, a Monte Carlo
simulation was generated with rando walk on a pre-defined curvature shape mimicking the
shape of our curvature membrane. The random walk was set with varying diffusion at planar
bilayer and curvature site (z >0). The simulated localization was calculated and compared
with experimental results by χ2, the simulation result with the smallest χ2 offers the
information of Dflat/Dcurved ratio. Detailed simulation setup was mentioned in previous
papers (34, 49). The previous work varied 16 membrane compositions and fluorescent
labeling method, Dflat/Dcurved varied from 1 to 4; however, the projected Dxy flat to curved
𝑟𝑎𝑡𝑖𝑜
ratio (𝐷𝑥𝑦
) were consistently a factor of 0.53 ± 0.1 different than the geometry-corrected

Dflat/Dcurved. Considering the added uncertainty of phase separations in these systems, all
systems’ Dflat/Dcurved was calculated according to

𝐷 𝑓𝑙𝑎𝑡
𝐷𝑐𝑢𝑟𝑣𝑒𝑑

𝑟𝑎𝑡𝑖𝑜
= 0.53 ∗ 𝐷𝑥𝑦
= 0.53 ∗

𝐷𝑥𝑦 (0.4 μm ≤ 𝑟 ≤ 0.6 μm)
𝐷𝑥𝑦 (𝑟 ≤ 0.05 μm)

.

(Eq. 7)

2.11) Simulation for phase-curvature coupling study
A simulation was generated on curvature same with diffusion simulation study with a 50 nm
radius. The Hamiltonian was applied with 𝜅 and 𝜎 equal zero to maintain a constant
membrane height h while phase 𝜑 varying between -1 to 1 by varying Landau phase
constants A, B, and C and coupling strength 𝛾 . The periodic boundary conditions were
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applied in simulation and the phase was averaged zero for all membrane area greater than
75 nm away from curvature.

3) RESULTS
3.1) Phase separation was observed over nanoparticles
The phase-separated SLBs had bright regions indicating Ld phase, dimmer regions
indicating Lo phase, black regions indicating the lack of an SLB over the coverslip (Fig. 1).
Fluorescent, polystyrene NPs with 50-nm radius were used to create nanoscale membrane
curvature. Diffraction-limited images were used for lipids sorting study due to their superior
statistics and super-resolved single fluorescent lipids localizations were used for measuring
lipid diffusion. All studies had a temperature between 17 °C and 37 °C.

Figure 1: We engineered phase separated SLBs with nanoscale MC. (A) the schematic of
nanoscale MC supported by NP on substrate. (B) Diffraction-limited image of a phaseseparated 1:1:2 SLB labeled by DPPE-TR with Lo domain (dim), Ld domain(bright), and
nanoscale MCs (on example highlighted in yellow box). Scale bar is 5 μm. (C) Enlarged yellow
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box region from B, color represents the intensity. The extra brightness is partially from extra
membrane at MC. (D) Super-resolved Voronoi diagram of a 1:1:2 SLB with curvature localized
in center. The surrounding localization accumulated regions are aggregates. Color
represents the localization density. Figure C and D has scale bar 0.4 μm.

3.2) Ld-preferring lipids sort to curvature
The curvature-induced phase sorting varied with Ps (Fig. 2). For 1:1:2 SLBs, a greater
variation in Is was observed at colder temperatures, yet the phase sorting vs. Ps was
independent of temperature. When the temperature increased, Ps was closer to 1, yet S was
still larger than 1. The averaged S was above one for all Ps, which indicates that there was
extra fluorescence emission at all curvature site than expected from simply the extra
membrane of the curvature (Fig. 2). The Ld phase sorted to the curvature regardless of the
surrounding lipid phase, but more so if the surrounding phase was ordered.

Figure 2: Ld preferring lipids sorts to curvature, the effect is more obvious in Lo surrounded
nanoscale MC. Scatter plot of all MC lipid sorting relative to its surround phase with range of
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temperature listed in legend. All points in plot are normalized by POPC MC with DPPE-TR
labeling.

Interestingly, the 7:7:6 SLBs with a different fluorophore lipid similarly
demonstrated strong phase-curvature coupling primarily when Ps < 1; however, there was
no apparent sorting for 7:7:6 SLB when Ps ≥ 1 (Fig. S1).

3.3) Super-resolution images show aggregate in DiPhyPC-containing membranes
Unlike POPC or other natural lipids, DiPhyPC contain diphytanoyl fatty acid chains
that assist stable planar membranes and limits the photo-induced phase separation. Photostability is especially favored particularly in single-molecule studies for which sensitive
phase behavior is observed. However, we detected clusters of dense localizations that were
63 ± 17 nm radius that also showed confinement in lipid diffusion. These aggregates were
identified and removed by custom MATLAB algorithms that were studied extensively in our
companion publication (25). The algorithms calculate super-resolution membrane spatial
auto-correlation function and compared it to a simulated flat membrane to determine the
amount of aggregates present. After aggregate removal procedure via localization rate
thresholding, the remaining data was linked by u-track (43) and grouped single steps to
distance away from NP center for binned Rayleigh distribution fitting (Eq. 5) of the diffusion
rate, as done previously (34).

3.4) Diffusion study at curvature site
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Diffusion of DPPE-TR in POPC SLBs demonstrated Dcurved at 25 °C to be about 20% of
Dflat. In contrast, the diffusion of DPPE-TR in 1:1:2 SLBs at 20 °C demonstrated Dcurved to be
200% of Dflat (Fig. 3, Table 1). Diffusion as a function of distance away from curvature
locations was studied for each NP of 1:1:2 and 2:2:1 SLBs. Results were grouped by Ps,
sample temperature, and distance from the NP center (r) (Fig. 4).

Figure 3: Dxy as function of distance away, r, from NP center for 1:1:2 SLBs at 27 °C
surrounded by Ld (red hollow circle), Lo (red filled circle), and POPC single fluid phase (black
filled square). Note that compare the POPC bilayers to 1:1:2 SLBs, lipids diffuse faster at
planer bilayer (r > 400 nm), yet slower at center of curvature (r< 50 nm).

Figure 4: Dxy as a function of r for (A) 2:2:1 SLBs and (B) 1:1:2 SLBs.
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Table 1: Diffusion coefficient results for varying membrane compositions, temperatures,
and phases.
Composition
POPC
1:1:2
1:1:2
1:1:2
1:1:2
1:1:2
2:2:1
2:2:1
2:2:1
2:2:1

T (°C) Phase Dflat(μm2/s)
25 ℃ L
2.6 ± 0.1
20 ℃ Ld
0.9 ± 0.4
20 ℃ Lo
0.7 ± 0.4
27 ℃ Ld
1.4 ± 0.4
27 ℃ Lo
1.2 ± 0.4
37 ℃ L
1.5 ± 0.4
17 ℃ Ld
0.6 ± 0.3
17 ℃ Lo
0.6 ± 0.3
27 ℃ Ld
1.3 ± 0.5
27 ℃ Lo
1.3 ± 0.5

Dxy ratio
4.9 ± 1.0
0.9 ± 0.8
0.9 ± 0.7
1.4 ± 0.6
1.3± 0.5
1.4 ± 0.6
0.9 ± 0.6
0.8 ± 0.5
2.0 ± 1.4
1.2 ± 0.6

Dflat/Dcurved
2.5 ± 0.6
0.5 ± 0.4
0.5 ± 0.4
0.7 ± 0.3
0.7 ± 0.3
0.7 ± 0.4
0.5 ± 0.3
0.4 ± 0.3
1.0 ± 0.8
0.6 ± 0.4

As the temperature increased, Dflat (i.e., Dxy (r ≥ 400 nm)) increased, as seen previously
(25, 50–52) . Dcurved in 1:1:2 SLBs did not shown a difference with temperature changes.
Interestingly, Dxy decreases from 125 nm ≤ r < 400 nm in ternary mixtures at lower
temperatures and higher cholesterol content, and level out after r ≥ 400 nm (Fig. 4). We
hypothesize this change in Dxy at these intermediate r values may be due to curvatureinduced Ld phase propagation onto the planar SLB surrounding the NP.
All results Dflat/Dcurved for all ternary mixtures system are smaller or equal to one,
which implies that the lipids in phase-separated membrane curvature diffuse faster at
curvature than flat (Table 1). Dflat/Dcurved was smaller at cooler temperature, indicates that
Ld preferring lipids sorts to curvature at lower temperature more than higher temperature,
when the tie-line would be longer. This was consistent with the diffraction-limited imaging
of curvature-phase sorting (Fig. 2).

129
The phase-curvature coupling simulation shows that when bilayer was more phaseseparated, the curvature shows a stronger disorder preference and the effects on curvature
can propagate onto the surrounding planar bilayer (Fig. 5).

Figure 5: Varied parameters of Landau phase constants and its effects on nanoscale
membrane bud and near curvature flat membrane. The bud height is 100 nm with 50 nm
radius as described in [cite paper 0]. (A) A = -0.01. B = -0.04; and C = 0.01. (B) A = -0.04; B = 0.04; C = 0.04

4) DISCUSSION
4.1) Diffraction-limited images yield phase-curvature sorting
The amount of phase sorting at given curvature was quantified by studying the
intensity difference at the curvature site relative to planar membrane via conventional
diffraction-limited epifluorescence imaging. The membrane intensity in diffraction-limited
images represents the fluorophore concentration with 200 nm resolution. But it takes two
order of magnitude less illumination intensity compare to super-resolution study, which
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reduces the light-induced phase separation compared to single-particle tracking. In addition,
our super-resolution methods show only a few fluorophores at a frame, which acquires >
20,000 frames to study the diffusion. The single-lipid localizations are not uniformly
distributed even in POPC bilayer due to the relatively few molecules per reconstructed image;
in each curvature event, DPPE-TR localization density varies between 2 – 30x higher than
planar bilayer due to counting statistics. Therefore diffraction-limited images were used for
phase-sorting studies.

4.2) The extra brightness at curvature sites
The sorting result indicated that S was larger than one at for all Ps in the 1:1:2 SLBs. This
result was calculated from the ratio of intensities. The increase in brightness indicates that
the Ld preferring fluorescent lipid was density was higher, which was an indication of L d
phase sorts to curvature. However, it was possible that other phenomena in the phaseseparated membranes are resulting in the increased membrane brightness. For example, it
is feasible that the phase-separated SLBs do not wrap the nanoparticle as tight as the singlefluid phase SLBs and the increased brightness was due to more membrane area rather than
more disorder of the membrane.

4.3) Distinguishing curvature from aggregation
Even though aggregates and curvature site are similar in size and both had higher
localization density than planar bilayer, accurate distinguishing between curvature
membranes and aggregates was achieved. Firstly, the curved membranes were coincident
with the fluorescent NPs. Chromatic aberrations and dense aggregates occasionally made
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this correlation imperfect. To confirm our curvature vs. aggregate assessment, Dxy was
calculated by a Rayleigh distribution fitting to the single-step histograms (Eq. 5) for all
localizations within 150 nm of the event under inspection. Curvature events for 1:1:2 SLBs
typically revealed Dxy = 0.8 ± 0.1 µm2/s at whereas aggregates typically revealed Dxy = 0.02
±0.1 µm2/s.

4.4) Effects of varying the fluorescent lipid
The lipid diffusion with nanoscale curvature varies with the fluorescence labeling
strategy. For example, DPPE-TR lipid diffusion in POPC bilayer result Dflat/Dcurved of 2.5 ± 0.6
yet TF-PPC showed no sign of slower diffusion with membrane bending with Dflat/Dcurved =
1.0 ± 0.2 (34). DPPE-TR was used rather than TF-PPC throughout this manuscript because it
was brighter, it could be used at lower concentrations, and it required less intense
fluorescence illumination power.

4.4) Diffusion from Ld and Lo was not significantly different
Diffraction-limited images were used to assess the phase surrounding the NP curvature at r
= 400 nm. For larger r, there was greater uncertainty of the SLB phase and identifying no
difference in the DPPE-TR diffusion at r = 600 nm, for example, could be expected. Similarly,
the lack of phases distinction between phases on NP may be expected because curvature
induced phase separation and the phase at r < 300 may not well correlate to the phase at r =
400 nm. We expected to see a different diffusion for different phase domain at 400nm, and
our lack of observing this could be attributed to poor sampling or measurement uncertainty.
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4.5) Dflat < Dcurved when phase separation was present
The Dflat to Dcurved ratio was lower when phase separation was present (Table 1). This
indicates lipids diffuse faster at curvature than planar bilayer when tie-lines were longer.
This phenomenon was true for all values of Ps, suggesting that the lipid-disorder preferring
lipids sorts to curvature even when the Ld phase surrounded the curvature event. This result
is consistent with sorting studies where S was above 1 for all Ps (Fig. 2).
The 1:1:2 SLBs revealed Dcurved as 1 µm2/s at center of curvature through all
temperature and surrounding phases. This result disobeys the simple prediction that lipid
diffuse faster as temperature increase. Also, there no lipids diffused faster than 1 µm 2/s for
all the studies of 1:1:2 SLBs. There could be a maximum that lipid can diffuse at the curvature
site because the limited curvature size compared to our localization accuracy. Also, the
temperature changed and the SLB thermally expanded and contracted, it is feasible that the
membrane curvature shape changed around the NP. The lipid phase at 37 °C was uniform,
possibly had greater bending rigidity than Ld phase at 20 °C and may have resulted in a
membrane curvature of larger radius.

4.6) Near curvature planar area diffusion is faster than far away from curvature area
Dxy between 125 – 400 nm away from center of curvature decreasing and level out
after 400 nm. Since the NP was 50 nm in radius, diffusion at curvature creates an extra
disordered phase in the flat membrane immediate surrounding it (i.e., r <= 400 nm) than was
present far from curvature (r > 400 nm). Simulation of phase separation study shows it is
possible to have extended Ld phase surrounding the curvature (Fig. 5). This phenomenon
could be explained by the phase-curvature coupling simulation result which curvature
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effects can propagate on to the surrounding planar bilayer. Since curvature diffuse faster
than planar bilayers based on sorting effect, its immediate surrounding diffuse faster than
planar bilayer far from curvature.

5) CONCLUSIONS
NPs were used to support phase-separated lipid bilayer for sorting and single-molecule
dynamic study. The intensity ratio of curvature and surrounding planar bilayer from
diffraction limited image shows the Ld preferring lipids sorts to curvature of nanoscale
Curvature, especially the curvatures in ordered domain. Aggregates were observed in both
Ld and Lo with similar size to NP supported curvature through spatial correlation function
and are removed prior to diffusion study. Single lipid diffusion coefficient was calculated as
a function of distance away from center of curvature. Unlike single fluid phase membrane
such as POPC bilayer, both 1:1:2 and 2:2:1 SLBs showed a faster Dcurved than Dflat before lipids
mixed regardless the Ps. Even above Tm, the Dflat/Dcurved for 1:1:2 SLBs is smaller than POPC.
The diffusion difference between the Ld and Lo phases was not significant in this study, which
is possibly caused by the measurement uncertainty in assessing Ps. These results indicate
that the strong preference of unsaturated lipids at curvature site and the capability of
curvature inducing extra disordered domain more than a planer membrane offers.
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7) ABBREVIATIONS
Dflat/Dcurved: diffusion ratio of flat over curved membrane without xy – projection effect
Dxy: diffusion coefficient observed in xy – projection of the membrane
Dxyratio: Dxy (400 nm > r > 600 nm)/Dxy(r≤ 50 nm)
DRD: Diffusion coefficient by Rayleigh distribution
DiPhyPC: 1,2-diphytanoyl-sn-glycero-3-phosphocholine
DPPC: dipalmitoylphosphatidylcholine
DPPE-TR: Dihexadecanoyl-Glycero-3-Phosphoethanolamine
FCS: fluorescent correlation spectroscopy
<I>: Averaged membrane intensity
Ic: center curvature intensity
Id: averaged disordered phase intensity
Io: averaged ordered phase intensity
Is: curvature surrounding intensity
SLB: supported lipid bilayer
GUV: giant unilamellar vesicle
MSD: mean square displacement
NP: nanoparticle
SPT: single-particle tracking
Ps: curvature surrounding phase
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Ld: liquid dis-ordered domain
Lo: liquid ordered domain
r: distance away from NP center
POPC: palmitoyl-oleoyl-glycero-phosphocholine
ps: phase sorting
TF-PPC:

1-palmitoyl-2-(dipyrrometheneboron

difluoride)undecanoyl-sn-glycero-3-

phosphocholine
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SUPPLEMENTAL MATERIAL for manuscript IV
TF-PPC was used to label DOPC embedded bilayers to minimize light induced
phase separation.
The 7:7:6 SLBs with DPPE-TR showed phase separation in diffraction limited images driven
by 15 mW 561 nm LED light under 2 minutes. The same lipid compositions were then labeled
with TF-PPC, there was no sign of phase separation induced by the same intensity of light for
as long as 10 minutes. Same procedure was used for 1:1:2 and 2:2:1 SLBs and no extra
domain formation/change observed.
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Figure S1: Phase sorting as function of surrounding phase for 7:7:6 DOPC:DPPC:cholesterol
SLBs. The TF-PPC are less accumulated at curvature site even in POPC membrane. Unlike
1:1:2 SLBs, 7:7:6 SLBs showed no sorting to curvature at Ld.

Figure S2: To measure the sorting of lipids to the curvature, the center 9 pixels (red) were
deemed to be equal to the curved membrane and the pixels that were closest to 400 nm from
the nanoparticle center were deemed equal to the surrounding flat membrane (blue). Each
pixel maps to 80 nm x 80 nm of our sample.
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ABSTRACT
SINGLE-LIPID SORTING AND DYNAMICS AT NANOSCALE MEMBRANE CURVATURES:
THE EFFECTS OF FLUORESCENCE LABELING, COMPOSITION, PHASE, AND
TEMPERATURE
by
XINXIN WOODWARD
May 2020
Advisor: Dr. Christopher V. Kelly
Major: Physics and Astronomy
Degree: Doctor of Philosophy
Nanoscale membrane curvature on cell plasma membrane assists in the spatial organization and
domain formation that are critical for life of eukaryotic cells. Lipids and proteins can sense, be sorted by,
and generate both functional domains and membrane curvature. Reveal the relationship between
membrane curvature, phase separation, and single-molecule behavior is a key to understanding
fundamental processes, such as phagocytosis initiation, cell signaling, and membrane budding. Single lipid
dynamic and sorting on engineered membrane curvature is studied to understand the effects of
fluorescence labeling, composition, phase separation, and temperature. Single particle tracking was used
to find radial averaged diffusion at membrane curvature. Lipids with varying shapes and fluorophore
labeling method were first to be examined. We conclude that the fluorophore labeling strategy on lipids
effected the lipids diffusion, but non-fluorescent membrane composition had no significant effects when
a single lipid phase was present. Membrane with ternary mixtures that have co-exist phases was then
tested. Disorder phase preferring lipids sorts to curvature, even at disorder surrounded curvatures.
Dynamic and sorting on phase-separated membrane were quantified. These studies will contribute to the
greater biophysical understanding of membrane curvature, which could potentially improve the
effectiveness of therapeutic design and pathogen protection.
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